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• S. luteus dually regulated Zn uptake of
pine roots depending on external Zn
level.

• Non-mycorrhizal pine roots exposed to
high Zn indiscriminately take up Zn.

• The absorption pattern of Ca, Cu, and Zn
in pine roots was similar across Zn
levels.

• Fe uptake was negatively affected by Zn
level within ectomycorrhizal pine root.

• Higher accumulation of nutrients was
found in fungal sheath compared to
Hartig net.
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Zinc (Zn) is a plant essential micronutrient involved in a wide range of cellular processes. Ectomycorrhizal fungi
(EMF) are known to play a critical role in regulating plant Zn status. However, how EMF control uptake and trans-
location of Zn and other nutrients in plant roots under different Zn conditions is not well known. Using X-ray fluo-
rescence imaging, we found the EMF species Suillus luteus increased pine root Zn acquisition under low Zn
concentrations and reduced its accumulation under higher Zn levels. By contrast, non-mycorrhizal pine roots ex-
posed to high Zn indiscriminately take up and translocate Zn to root tissues, leading to Zn stress. Regardless of
S. luteus inoculation, the absorption pattern of Ca and Cu was similar to Zn. Compared to Ca and Cu, effects of
S. luteus on Fe acquisitionweremoremarked, leading to a negative association between Zn addition and Fe concen-
trationwithin EMF roots. Besides, higher nutrient accumulation in the fungal sheath, compared tohyphae inhabiting
between intercellular space of cortex cells, implies the fungal sheath serves as a barrier to regulate nutrient transpor-
tation into fungal Hartig net. Our results demonstrate the crucial roles EMF play in plant nutrient uptake and how
fungal partners ameliorate soil chemical conditions either by increasing or decreasing element uptake.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Zinc (Zn) is one of the most abundant transition metals in organisms
and an essential component of awide range of proteins,membrane lipids,
and DNA/RNA molecules in plants (Broadley et al., 2007). Zn plays key
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roles in plant growth, development, and defense (Cabot et al., 2019). It
is the only metal involved in the six major enzyme classes
(i.e., oxidoreductases, transferases, hydrolases, lyases, isomerases, ligases)
(Palmer and Guerinot, 2009; Webb, 1992), serving as the structural or
catalytic ion in a massive number of enzymes. Zn also contributes to li-
gand binding, protein folding, electron transfer, and nucleotide metabo-
lism (Auld, 2001; Broadley et al., 2007; Maret, 2005; Takeda et al., 2018).

In plants, Zn uptake and the maintenance of Zn homeostasis are
mainly governed by redox or chelation-based strategies (Palmer and
Guerinot, 2009). The former is associated with the efflux of reductants,
organic acids, and H+ ions from Zn solubilizing microbes in the rhizo-
sphere and plant cells. This enhances Zn-complex solubility and the re-
lease of Zn2+ for adsorption by microbes and root epidermal cells
(Gupta et al., 2016; Mumtaz et al., 2017). Chelation, on the other
hand, relies on Zn binding. It employs excretion of chelators or
siderophores by roots andmicroorganisms to form Zn stable complexes
that are subsequently transported into root epidermal cells (Ahmed and
Holmström, 2014; Butaitė et al., 2017; Leventhal et al., 2019).

Ectomycorrhizal fungi (EMF) are obligate plant symbionts and crucial
for host plantmicro andmacro-nutrient uptake (Read and Perez-Moreno,
2003; Smith andRead, 2010). These fungi dominate boreal and temperate
forest ecosystems, including pine forests (Read and Perez-Moreno, 2003;
Talbot et al., 2014). Several studies showed EMF can both regulate Zn up-
take and Zn distribution in plant tissues under deficient and toxic condi-
tions (Bücking and Heyser, 1994; Schutzendubel and Polle, 2002). For
example, under Zn deficient conditions, EMF upregulate the SlZRT1
gene, which encodes a plasma membrane-located ZIP (Zrt/Irt-Like pro-
tein) transporter that facilitates fungal cellular uptake of Zn2+ (Coninx
et al., 2017). In high Zn concentrations, EMF can buffer Zn transfer into
their plant hosts (Adriaensen et al., 2006). Some studies showed that
Suillus spp., such as S. luteus, play an important role in regulating plant
Zn uptake and maintaining Zn homeostasis (Coninx et al., 2017; Muller
et al., 2007; Ruytinx et al., 2017). Despite thesefindings, theway EMFma-
nipulate the spatial distribution of Zn in plant root tissues under different
soil Zn concentrations remains largely unknown.

Previous research pointed to the potential for EMF to regulating the
uptake of mineral elements other than Zn (e.g., Mn, Cu, Cd, and Ni) and
playing a critical role in plant survival both in benign and toxic environ-
mental conditions (Adriaensen et al., 2005; Canton et al., 2016; Jourand
et al., 2010; Krznaric et al., 2009). In addition, available nutrients can in-
teract to shape fungal and plant uptake. For example, there is a close
positive association between Zn:Cu ratio in fungal mycelia and soil,
probably resulting from the similarities in uptake mechanisms for Zn
and Cu which leads to balanced uptake of these nutrients by EMF
(Vinichuk, 2013). Furthermore, Hart et al. (1998) reported that incre-
ment in Ca2+ concentration inhibited plant Zn2+ uptake, as Zn2+ and
Ca2+ are divalent cations and compete for some plant metal trans-
porters (such as IRT1) and non-selective cation channels (Gupta et al.,
2016). However, it is still unclear if and howEMF shape host plant over-
all nutrient acquisition across the plant-mycorrhiza-rhizosphere inter-
face with the increase in external Zn concentrations.

This study aims at providing empirical evidence about how EMF reg-
ulate nutrient uptake from external environments in EMF systems. We
investigated environmental nutrient uptake in one EMF partnership
under high and low Zn levels, as well as Zn spatial distribution along
EMF and non-EMF roots. We studied the well-established EMF Suillus
– Pinus model system (Bücking and Heyser, 1994; Liao et al., 2016)
and used synchrotron-based imaging techniques to visualize the spatial
distribution of nutrients in root tissues.

2. Methods and materials

2.1. Fungal culture preparation

The ectomycorrhizal fungus Suillus luteus (UH-Slu-OF3 isolate) was
used as the inoculum in this study. S. luteus was isolated in 2000 from
2

pine stands in Overpelt Belgium and kept at 4 °C in the culture collection
of Hasselt University with half-yearly subculturing. Previous studies in-
dicated that S. luteus had high EC50 values ranging from 0.9 to 17.8mM
(Colpaert et al., 2004; Muller et al., 2004). Detailed description of the
isolate and sampling site can be found in Colpaert et al. (2004). The
solid Modified-Melin-Norkrans (MMN) medium was used to maintain
the S. luteus isolate (Marx, 1970). The culture was stored at 25 °C in
the dark andwas sub-cultured everymonth. To prepare the fungal inoc-
ulum, the fungal culture was grown on theMMNmedium coveredwith
a layer of sterile cellophane at 25 °C in the dark for 7 days.

2.2. Pine seedling preparation

The seeds of Pinus sylvestris were purchased from Sheffield's Seed
Co., Inc. (Locke, NY). The source of seedswas from France. The protocols
applied for seed surface sterilization, germination, and the growth of
pine seedlings were according to Liao et al. (2016). After 1.5 months
of germination, the seedlings were used for the rhizobox bioassay.

2.3. Rhizobox bioassay

We set up a S. luteus – P. sylvestris bioassay to investigate nutrient
uptake and spatial distribution in EMF roots (Fig. S1). These species
are obligate symbionts in nature and known to occur together both in
Zn contaminated and non-contaminated soils (Op De Beeck et al.,
2015). The S. luteus – P. sylvestris bioassay was set up using six-week-
old pine seedlings inoculated with S. luteusmycelia. The growing condi-
tions of pine plants prior to plant bioassay are described in the study of
Liao et al. (2016). The healthy pine seedlings with similar growth per-
formance (e.g., similar height and weight) were chosen for bioassay.
Briefly, we grew mycelium on MMN medium topped with a layer of
sterile cellophane membrane to allow for tissue collection. We cut the
cellophane (200 mg) using a pair of sterile scissors and used it to
wrap ~5 cm length of pine seedling roots. For controls, we folded the
same area of sterile cellophane without fungal inoculum around roots.
Seedlings were then transplanted into a rhizobox that was filled with
120 g of sterile play sand (see Table S1 for the chemical properties of
play sand). Before filling, each set of play sand was treated with a
ZnSO4.7H2O gradient (0, 0.01, 0.1, 1, and 10 mM). In total, there were
10 combinations for pine seedlings w/wo S. luteus inoculation, with
three replicates for each combination. In the no Zn addition treatment,
the transplanted pine seedlings w/wo S. luteus fungal inoculum can be
regarded as the positive and negative control, respectively. The
bioassay was conducted in a growth chamber at 25 °C and 70%
humidity and exposed to fluorescent LED lights (200 μmole m−2 s−1)
for 12 h per day. 1ml sterile distilled deionized (DDI)waterwas applied
for each rhizobox every two days. After 2 weeks of post-treatment, the
seedlings treated with 10 mM ZnSO4.7H2O showed symptoms of Zn
toxicity and died (100% death rate). Dead pine samples were
discarded. Four weeks after inoculation, the pine roots were visualized
under a dissection microscope (Olympus CX43, Olympus Corporation,
Japan). Over 40% of S. luteus-inoculated root tips were successfully colo-
nized (data not shown but analyseswere done on the colonized roots in
the Suillus treatments).

2.4. Sample preparation for synchrotron X-ray microfluorescence imaging

We used synchrotron X-ray microfluorescence (μ-XRF) imaging to
quantify the abundance and radial distribution in pine roots collected
from each treatment. Lateral roots were washed twice in DI water at
room temperature to remove adhering sand. Roots were placed into a
well of OCT (optimal cutting temperature) embedding media (Tissue-
Tek, www.sakuraus.com/), then rapidly cooled to −20°C for prepara-
tion of tissue cryo-sections. Root tissue (near 0.3 mm from the root
tip) was cryotomed at −20°C to a thickness of 20 μm using a CM 1900
cryotome (Leica Microsystems, www.leica-microsystems.com/). Tissue
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sections were mounted onto ultralene film (SPEX, www.spexcsp.com/)
and placed into a sample desiccator to equilibrate in the dry nitrogen at-
mosphere prior to analysis by X–ray microprobe.

μ-XRF analysis was performed at the 5-ID (SRX) and 4-BM (XFM)
Beamlines of the National Synchrotron Light Source (NSLS-II),
Brookhaven National Laboratory, Upton, NY. X-ray fluorescence was
measured using a Hitachi SDD detector with a 90° position to the inci-
dent beam. Mapping was performed in fly scanning mode with a fixed
energy of 10.0 keV, a pixel size of 1.0 to 10 μm, and a dwell time of
500 ms/pixel. Before performing X-ray imaging, selected sections
were freeze-dried under −20 °C for approximately an hour. We ob-
served a total of 24 root tips, 3 per Zn/EMF treatment using low-
resolution imaging, and one representative root tip per treatment was
finally applied for high-resolution imaging. Total spectrum of each ele-
ment (Zn, Ca, Cu, and Fe) across different treatments is shown in Fig. S2.

2.5. Data analysis

Mapping images and imaging data analysis were performed using the
PyXRF software (Li et al., 2017). The fluorescence intensity counts of each
element were translated to elemental abundance using National Institute
of Standards and Technology standard 1833 (Pella et al., 1986), and
knowledge of sample thickness and density (estimated 0.9 g/cm3) were
Fig. 1. High-resolution μ-XRF images of root cross sections (lowercase letters) and μ-XRF pro
fluorescence counts per second) in root compartments across the different treatments. Each r
imaging at its right panel. Abbreviations in μ-XRF images mark the pine root compartments. E
space; HY: Hartig net; S: fungal sheath. (For interpretation of the references to color in this fig

3

used to convert to elemental concentration (μg/g). The average concentra-
tion of nutrients in pine root tissues (epidermis/sheath, apoplast/Hartig
net, and xylem) was the mean of detected spots usingmean and sd func-
tions. Linear models (Pearson correlation, cor.test function) were con-
ducted to determine: (1) correlations between Zn additions and the
concentration of Zn, Ca, Cu, and Fe innon-inoculatedpine root, (2) correla-
tions of Zn additions with Fe concentration in S. luteus inoculated pine
roots, and (3) correlations of Zn concentration with other nutrients (Ca,
Cu, and Fe) concentration across pine root tissues. Non-linear regressions
were used to analyze the relationships between Zn additions and the con-
centration of Zn, Ca, and Cu in S. luteus-inoculated pine roots by simulating
the measured elemental concentration (package: basicTrendline, trendline
function). All statistical analyses were performed in R (version 3.5).

3. Results

3.1. Spatial distribution of Zn in non-EMF vs. EMF root tissues of P. sylvestris

Overall, we found increases in environmental Zn were accompanied
by increased root Zn uptake and pronounced differences in Zn compart-
ment levels. In the presence of S. luteus, significantly higher Zn root ac-
cumulation was observed at the low Zn treatments (Figs. 1, 3, and S3;
Table 1).
files (uppercase letters) across treatments. The latter highlights Zn levels (as shown by
ed rectangle marks the area of each root cross section corresponding to the area of X-ray
P: epidermis; CO: cortex; EN: endodermis; X: xylem; AI: apoplastic space + intercellular
ure legend, the reader is referred to the web version of this article.)



Table 1
Average concentration (μg/g) of nutrients (Zn, Ca, Cu, and Fe) across compartments of pine root under different external Zn additions.

Zn addition Total sample areaa Epidermis/sheathb Apoplast/Hartig netc Xylem

Concentration (μg/g)d

Blanke S. luteusf Blank S. luteus Blank S. luteus Blank S. luteus

0 Zn 16 ± 1 150 ± 6 19 ± 1 170 ± 2 13 ± 1 130 ± 2 18 ± 1 110 ± 2
Ca 318 ± 5 1,930 ± 75 559 ± 2 4,520 ± 33 246 ± 2 1,480 ± 10 397 ± 5 941 ± 9
Cu 8 24 ± 1 13 28 1 19 7 17
Fe 462 ± 20 2,060 ± 128 1,380 ± 13 3,850 ± 29 523 ± 7 1,560 ± 10 172 ± 3 331 ± 3

0.01 mM Zn 13 ± 1 110 ± 5 22 ± 1 210 ± 8 10 130 ± 3 13 ± 1 67 ± 2
Ca 1,530 ± 16 2,030 ± 158 3,150 ± 10 3,430 ± 20 869 ± 6 1,110 ± 17 1,120 ± 13 392 ± 3
Cu 12 15 18 14 9 11 9 10
Fe 252 ± 15 748 ± 10 743 ± 5 971 ± 9 272 ± 3 755 ± 10 29 ± 1 210 ± 2

0.1 mM Zn 36 ± 2 880 ± 10 39 ± 2 1,200 ± 8 19 ± 1 530 ± 6 33 ± 1 780 ± 4
Ca 420 ± 9 17,400 ± 485 740 ± 5 27,900 ± 326 214 ± 3 2,000 ± 28 360 ± 7 1,670 ± 22
Cu 10 28 ± 1 11 32 ± 1 10 18 10 21
Fe 377 ± 26 325 ± 17 1,350 ± 8 672 ± 13 277 ± 3 161 ± 2 296 ± 3 106 ± 2

1.0 mM Zn 860 ± 21 520 ± 9 1,500 ± 18 840 ± 5 500 ± 5 350 ± 3 800 ± 7 320 ± 4
Ca 1,760 ± 19 1,280 ± 74 2,460 ± 18 1,940 ± 20 1,040 ± 8 1,000 ± 8 1,500 ± 12 1,010 ± 10
Cu 18 ± 1 19 22 ± 1 15 13 17 12 12
Fe 2,560 ± 129 314 ± 18 4,590 ± 46 584 ± 6 221 ± 3 313 ± 5 83 ± 3 311 ± 4

Average concentration of nutrients in pine root tissues were the mean of detected spots.
a Total sample area includes fungal and pine tissue areas.
b Epidermis in the non-EMF root or sheath in the EMF root.
c Apoplast in the non-EMF root and Apoplast+Hartig net in the EM root.
d The data were rounded to the accepted significant digits according to NIST1833.
e Blank: non-inoculated treatments.
f S. luteus: S. luteus-inoculated treatments.
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μ-XRF elemental mapping of non-EMF root cross sections under no
Zn addition revealed that root Znwas obtained from the sand substrates
(2.6 mg Zn/kg sands; Table S1), with Zn intensity of 16 μg/g in pine root
tissues (Table 1). Zn mostly accumulated in epidermal cells (19 μg/g),
apoplast (13 μg/g), and xylem (18 μg/g) (Table 1). As the Zn addition es-
calated, there was an increase in the total Zn accumulation in each com-
partment (Table 1, Fig. 3A, E, and I), with the average Zn concentration
in these compartments soaring by over 40-fold from 0 to 1mMZn addi-
tion. Epidermal cells accumulated the greatest amount of Zn compared
to other compartments (Table 1).

When pine seedlings were inoculated with S. luteus, we observed
higher Zn accumulation in the fungal sheath (170 μg/g), apoplast and
Hartig net (130 μg/g), and xylem (110 μg/g) in the no Zn addition treat-
ment (Table 1). Increasing Zn concentration from 0 to 0.1mM led to sig-
nificantly increased Zn accumulation in these compartments (Fig. 3A,
R2 = 0.88; 3E, R2 = 0.95; 3I, R2 = 0.97; P < 0.001, Table 1). However,
increase to 1 mM Zn substantially decreased Zn accumulation in these
compartments. Across all Zn treatments (0 to 1 mM), the highest Zn
concentration was observed in the fungal sheath. Compared to non-
inoculated treatments, S. luteus significantly promoted Zn accumulation
in pine root tissues under 0, 0.01, and 0.1mMZn conditions, with an in-
crease of around 10 times. However, when treated with 1 mM Zn addi-
tion, inoculated samples yielded substantially lower Zn accumulation in
these compartments than non-inoculated treatments.

3.2. Effects of Zn addition in the distribution of nutrients (Ca, Cu, and Fe) in
colonized and non-colonized P. sylvestris roots

The fine spatial resolution of the μ-XRF images allowed us to identify
and quantify other elements (e.g., Ca, Cu, and Fe) in root tissues along
with Zn (Figs. 2 and S4). Regardless of S. luteus inoculation, the absorp-
tion pattern of Ca and Cu in pine root tissueswas similar to Zn under the
Zn addition gradient. Compared to Ca and Cu, the effect of S. luteus on Fe
acquisitionwasmoremarked, leading to a negative association between
Zn addition and Fe concentration within EMF roots (Figs. 2, 3, and S4;
Table 1).

Also as seen in Zn, Ca, Cu, and Fe originating from sand substrates
were primarily accumulated in epidermal cells/sheath, apoplast/Hartig
net, and xylem irrespective of fungal colonization. Of these three
4

elements, Cu had a lower concentration in root tissues. In non-EMF
roots, Cu accumulation in the root tissues increased with the elevated
external Zn concentration (Table 1; Fig. 3C, R2 = 0.35; 3G, R2 = 0.05;
3K, R2 = 0.43; P < 0.001). When in the presence of S. luteus, the Cu ac-
cumulation in the fungal sheath and xylem increased with Zn addition
elevating from 0 to 0.1 mM, while there was a contrasting trend follow-
ing 1 mM Zn addition. In the apoplast and Hartig net, there was a small
fluctuation for Zn accumulation against the Zn addition gradient of
0–1 mM.

Similar to Cu, we found positive relationships between Zn addi-
tion and Ca accumulation in root epidermis, apoplast, and xylem in
non-EMF roots (Fig. 3B, R2 = 0.10; 3F, R2 = 0.40; 3J, R2 = 0.48;
P < 0.001). However, high Zn addition had a suppressing effect on
the absorption of Ca in EMF roots. EMF root tissues accumulated
greater Ca against the Zn addition gradient of 0–0.1 mM relative to
non-EMF root tissues, whereas an opposite trend occurred under
1 mM Zn addition.

Zn addition was significantly associated with Fe accumulation in the
epidermis/fungal sheath and xylem of root tissues. While tissue Fe in-
creased in non-EMF roots, it decreased in the presence of S. luteus
(Fig. 3D and L). Zn addition was negatively associated with Fe accumu-
lation in the apoplast (R2 = 0.11, P < 0.001)/Hartig net (R2 = 0.20,
P < 0.001) regardless of mycorrhizal status (Fig. 3H). Compared to Cu
and Ca, the role of S. luteus in Fe absorptionwasmore affected by exter-
nal Zn concentration (Fig. 3).

4. Discussion

In this study, we showed S. luteus facilitated Zn accumulation in root
tissueswhen pine seedlings are grown in relatively low external Zn con-
centrations (2.6–3.4 mg Zn/kg sand). This is consistent with previous
discoveries of EMF contributing to micronutrient acquisition under de-
ficient conditions (Canton et al., 2016; Vinichuk, 2013). When external
Zn addition ranged from 0 to 0.1 mM, more Zn accumulated in the fun-
gal sheath compared to the hyphae inhabiting between intercellular
space of cortex cells, implying that the fungal sheath serves as a barrier
to regulate the transportation of Zn into the fungal Hartig net. The same
strategy may also be used by EMF to control Ca, Mg, and K uptake by
EMF roots (Bücking et al., 2002).



Fig. 2. μ-XRF mapping of Ca, Cu, and Fe intensity (shown by fluorescence counts per second) in root compartments across different treatments.
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This study also showed that S. luteuswas able to suppress Zn uptake
under high external Zn concentration (10.6 mg Zn/kg sand), suggesting
the fungus may control Zn uptake in both fungal and root tissues likely
through detoxification mechanisms (Bui and Franken, 2018; Lin and
Aarts, 2012). These mechanisms may enable EMF to shelter the plant
roots from absorbing toxic levels of Zn. In fact, EMF can retain Zn in
their mycelium, immobilize Zn, and subsequently buffer Zn from enter-
ing into their host plants under different Zn levels (Jentschke and
Godbold, 2000). Denny and Wilkins (1987) exhibited that the
extrametrical hyphae of Paxillus involutus accumulated far more Zn
when Betula was exposed to high Zn concentrations (1.5 to 4.5 mM
Zn) relative to the fungal sheath, cortex, and stele (including xylem)
that had similar Zn accumulation. This is in part congruent with our re-
sult of reduced Zn accumulation in cortex cells and xylem with in-
creased Zn addition. However, our study showed that fungal sheath
5

had higher Zn accumulation than extrametrical hyphae, cortex, and
xylem in response to external higher Zn concentration, which is par-
tially different from the result of Denny and Wilkins (1987). It is likely
that different EMF systems may rely on distinct strategies to protect
the hosts against metal toxicity or alleviate metal toxicity in host plants.
The pine seedlings in our study, nevertheless, were not able to survive
under 82.6 mg Zn/kg sand concentration (10 mM Zn addition), indicat-
ing the S. luteus isolate, albeit Zn-tolerant isolate, used in our experi-
ments has a limited ability to protect the pine host from Zn toxicity.
By contrast, in non-EMF treatments, therewas a positive association be-
tween Zn addition (0–1 mM) and Zn accumulation in pine root com-
partments (epidermis, cortical cells, and xylem). This indicates pines
show no limitations in acquiring and translocating Zn to plant tissues
at least until facedwith Zn stress caused by elevatedmetal addition (re-
ferred to as a threshold level; Bücking and Heyser, 1994). Beyond the



Fig. 3. The relationships between treated Zn concentration and the concentration of nutrients (Zn, Ca, Cu, and Fe) across compartments in pine root tissues under non- and S. luteus
inoculated treatments. *** marks significance at P < 0.001. The data points indicate the nutrient concentration of root compartments with (in blue) and without (in grey) S. luteus
inoculation. The curves in red and black indicate the change of nutrient concentration along the Zn gradient of 0–1 mM.
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threshold level (10.6–82.6 mg Zn/kg sand in this study), the seedlings
showed symptoms of Zn toxicity and were not able to survive after a
few weeks post-treatment.

Along with Zn, Ca, Cu, and Fe have vital roles in the plant life cycle
(Palmer and Guerinot, 2009). When present, S. luteus promoted the ac-
cumulation of nutrients (e.g., Ca) in the root xylem under low external
Zn concentrations (2.6–3.4 mg Zn/kg sand), while it significantly ham-
pered their uptake under increased external Zn concentration. This re-
sult partially differs from previous results, where EMF inoculated
P. halepensis seedlings showed increased root Ca concentration by
roughly 50-fold after 1 year of high concentration of Pb-Zn-Cd exposure
(Hachani et al., 2020). Such discrepancymay bedue to differences in the
studied plant and fungal species that have different degrees of tolerance
to excess nutrients (Broadley et al., 2007; Teotia et al., 2017). By con-
trast, there was a significant negative relationship between Zn addition
(0-1 mM) and Fe accumulation in our EMF root tissues (Fig. S3F). Sim-
ilar to Zn, Fe was mostly accumulated in the fungal sheath compared
to Hartig net hyphae and xylem, and Fe accumulation in the fungal
sheath was also negatively affected by external Zn concentration. This
indicates that an antagonistic effect between Zn concentration and Fe
uptake may occur in the fungal sheath, restricting Fe translocation
into root tissues and subsequently reducing Fe accumulation in the
root xylem, consistent with previous studies that excess Zn decreased
Fe accumulation in arbuscular mycorrhizal roots (Ibiang et al., 2017;
Xie et al., 2019). However, higher Fe accumulationwas observed in fun-
gal and root tissues than Zn accumulation in the low external Zn con-
centration (e.g., 2.6 and 2.68 mg Zn/kg sand). The intimate association
between EMF and pine roots provided the most efficient Fe solubiliza-
tion and uptake, likely due to the capacity of EMF to produce
siderophores that chelate and transport Fe into plant roots by their hy-
phae (Cress et al., 1986; Xie et al., 2019). Notably, the reference S. luteus
genome annotation includes several putative genes associated with
6

fungal siderophores, such as SID1 [JGI protein ID 84291; Suillus luteus
UH-Slu-Lm8-n1], which is a putative siderophore synthetase (Kohler
et al., 2015). In addition, mannoproteins, one of the dominant cell wall
proteins in the EMF symbiotic interaction, can promote the retention
of siderophore-Fe chelates in the cell wall, which increases Fe uptake
by fungi (Martin et al., 1999; Protchenko et al., 2001). These, ultimately,
may enable fungi (e.g., EMF) to absorb and transport Fe into root tissues
efficiently. However, increased Zn concentration may enable Zn to out-
compete Fe for chelation of limited amounts of siderophores or the
ligand-binding sites in transporter proteins (Abdallah Hussein and Joo,
2019; Schalk et al., 2011; Suzuki et al., 2008), as siderophores and
other transporter proteins (e.g., IRT1, ZIF1, and ZIP) may also contribute
to Zn distribution and transportation (Colangelo and Guerinot, 2006;
Dubeaux et al., 2018; Haydon et al., 2012; Vert et al., 2002). Yet, the
mainmolecularmechanisms regarding the role of EMF in the regulation
of Fe and Zn uptake are still elusive. The ways EMF regulate the expres-
sion of these transporter genes in the fungal sheath in response to the
elevating Zn/Fe concentration should be investigated more thoroughly
in future studies.

5. Conclusion

Overall, our study provides empirical evidence on how EMF regulate
plant host acquisition and translocation of nutrients within root tissues
in response to environmental Zn concentrations. Our results demon-
strated that S. luteus has a promoting effect on plant nutrient acquisition
(e.g., Zn, Ca, and Cu) under low external Zn concentrations, whereas it
controls the uptake and transportation of these nutrients under high ex-
ternal Zn concentrations. The threshold of external Zn concentration to
shift these dual effects of S. luteus on the nutrient uptake and transpor-
tation is variable for the specific nutrient. By contrast, S. luteus preferen-
tially absorbed and transported Fe under low environmental Zn
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concentrations, likely resulting either from the higher binding affinity of
fungal siderophores for Fe or binding site out-competition by Fe in
transporter proteins in low Zn conditions. Our study also provides evi-
dence that fungal sheath serves as a barrier to regulate the transporta-
tion of Zn into the fungal Hartig net.

Although S. luteus in this studyhas the ability to protect the pine host
fromZn toxicity, themagnitude of its protecting ability is still unclear, as
pine seedlings all died in both EMF and non-EMF treatments under
10mMZn addition. Besides, as Zn is an essential element for optimal in-
nate immune function, plants may accumulate Zn around roots to de-
fense against certain pathogens (Djoko et al., 2015). However, how
different environmental Zn concentrations affect plant immune systems
is largely unknown. These knowledge gaps will be filled in our future
work.
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