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Arbuscular mycorrhizal species
vary in their impact on
nutrient uptake in sweet corn
(Zea mays) and butternut
squash (Cucurbita moschata)

Joseph E. Carrara ® and Wade P. Heller ®*

Eastern Regional Research Center, United States Department of Agriculture (USDA) Agricultural
Research Service, Wyndmoor, PA, United States

An increasing demand for organic produce, coupled with the need to reduce
reliance on the diminishing resource of rock phosphate, has bolstered interest
in the use of arbuscular mycorrhizae (AMF) as a biofertilizer. AMF are symbiotic
fungi that colonize the roots of most crops and transfer nutrients from the soil
to their hosts in exchange for carbon. While past studies have shown that mixed
AMF communities grown from field soil can increase the yield of many crops,
the targeted use of individual AMF species on host plants is a promising avenue
to enhance nutrient uptake. We inoculated sweet corn (Zea mays) and
butternut squash (Cucurbita moschata) seedlings with nine individual species
of AMF and one mixed indigenous population to determine the most beneficial
symbionts for enhancing mineral nutrient concentration and yield. Overall,
level of root colonization was correlated with phosphorus (P) concentration of
aboveground biomass. Corn and squash grown in association with AMF species
in the Rhizophagus genus had the highest level of root colonization and tissue
P concentration. Claroideoglumus etunicatum and Gigaspora margarita
increased calcium (Ca) and magnesium (Mg) concentration in corn and
Gigaspora rosea increased calcium in squash. S. constrictum and G. rosea
positively impacted sweet corn seedling biomass. Based on this evidence, AMF
species vary in their benefit to plant nutrient uptake and the most beneficial
species depend on host. Further research on the effectiveness of inoculating
individual AMF species across a range of hosts and ecosystems will prove useful
in the development of host-targeted AMF biofertilizers.
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Introduction

A growing demand for organically produced food, coupled
with increased evidence that the historical overuse of chemical
fertilizers has negatively impacted the environment have
recently bolstered interest in the use of arbuscular mycorrhizal
fungi (herein AMF) as a biofertilizer to supplement or replace
agrichemicals (Sadhana, 2014; Berruti et al., 2016; Igichon and
Babalola, 2017; Madawala, 2021; Jerbi et al., 2022). AMF are
obligate symbionts that grow in association with about 80% of
terrestrial plants including most crops (Brundrett and Tedersoo,
2018). AMF vastly enhance the surface area of root systems and
increase accessibility to water and nutrients in the soil which are
exchanged with the plant for photosynthetically derived carbon,
including sugars and lipids (Read and Perez-Moreno, 2003;
Keymer et al., 2017). As such, AMF are an integral component
of crop nutrition, growth and present a promising research
avenue for enhancements in yield and nutrient concentration
of vegetables.

The use of on-farm produced mixed species inoculants of
AMF have been shown to increase the yield of a variety of crops
including eggplant, peppers, potatoes, sweet potatoes, and
strawberries by up to 15% (Douds Jr. and Reider, 2003; Douds
Jr. et al., 2007; Douds Jr. et al., 2008; Douds Jr. et al., 2015; Douds
Jr. et al., 2017). Typically, these mixed species inoculants are
produced by growing a host plant such as Bahia grass (Paspalum
notatum Flugge) or Sorghum-Sudan grass in pot cultures
containing soil from the farm on which the inoculated crops
are then grown. The pot cultures are maintained allowing AMF
to sporulate and the potting media is used as an inoculant
(Douds Jr. et al.,, 2005; Douds et al., 2010). While mixed species
inocula have proven promising in enhancing crop yield,
disentangling the impact of individual species of AMF on crop
growth and nutrient concentration is less straightforward. It is
likely that individual AMF species and host plants lie on a
spectrum of mutualism wherein the carbon (C) cost of resource
return (and vice versa) of the relationship varies by host and
AMEF species (Werner and Kiers, 2015). We hypothesized that
while one AMF species may benefit one host, the same species
may not benefit a different host.

Most research on the inoculation of crops and most
commercially produced inoculant products focus on three
‘generalist’ and geographically ubiquitous AMF species:
Rhizophagus intraradices, Rhizophagus irregularis, and
Funneliformis mosseae (Berruti et al., 2016; Basiru et al., 2020).
In addition, commercially sourced products used in studies to
examine the effectiveness of single species inoculation may
already be treated with agrichemicals to avoid pest
contamination, may lose viability through prolonged storage
(Douds Jr. et al., 2005), and labelling may not accurately reflect
AMF species present in the product (Berruti et al, 2013).
Possibly owing to these issues, the effectiveness of commercial
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inoculants in enhancing mycorrhizal colonization of crops is
mixed (Tarbell and Koske, 2007; Salomon et al., 2022) and
impacts of these products on yield is not consistent (Corkidi
etal, 2004; Faye et al., 2013). As such, the potential for a range of
single species AMF to be successful biofertilizers
remains unclear.

In this study, we examined the impact of nine individual
AMF species representing six genera, and one mixed species
inoculant, on nutrient concentration and seedling biomass of
sweet corn (Zea mays, cv. Coastal, herein corn) and butternut
squash (Cucurbita moschata, cv. Waltham, herein squash). Corn
and squash were chosen for this study due to the ease by which
the common growers’ practice of greenhouse germination of
seedlings for both crops can be adapted to incorporate AMF
inoculum, thus the inoculation method and the findings have
practical relevance towards real world crop production
scenarios. To determine the extent to which individual
mycorrhizal species benefited soil nutrient foraging capacity of
corn and squash, we measured mycorrhizal colonization 15- and
30-days post-germination via microscopy and molecular
quantification and subsequently determined whether enhanced
mycorrhizal colonization led to differences in above and
belowground biomass as well as macro and micronutrient
concentration of aboveground tissues.

Methods

Trap culturing of AMF by Bahia grass and
preparation of inoculum

Single species AMF accessions were acquired from the
International Culture Collection of Vesicular-Arbuscular
Mycorrhizal Fungi at West Virginia University, Morgantown,
WV; USA (INVAM), or in the case of Septoglomus constrictum,
from the collection of the United States Department of
Agriculture, Agricultural Research Service, Eastern Regional
Research Center, Wyndmoor, PA; USA (Table 1). These fungi
were maintained in Bahia grass (Paspalum notatum Flugge) pot
cultures grown in a mixture of sterile sand, soil, vermiculite, and
turface (herein SSVT; 1:0.75:1:0.75 v/v; Douds et al., 2010). To
produce a mixed mycorrhizal inoculum, Bahia grass plants were
grown in a 1:10 dilution of field soil and SSVT. The field soil was
a composite sample collected in November 2019 from organic
plots within the Vegetable Systems Trial at the Rodale Institute,
Kutztown, PA; USA in SSVT. Bahia grass trap cultures were
watered daily and fertilized weekly with Hoagland’s solution
modified to contain.10X the original P (Hoagland and Arnon,
1950). To prepare the mycorrhizal inoculum, the aboveground
portion of the Bahia grass plants was removed, their roots were
cut into ~lcm lengths, and the roots were reincorporated with
SSVT medium. The mycorrhizal inoculum was diluted 1:50 with
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TABLE 1 Fungal isolates used to create single-species inoculant.

Species Accession ID
Claroideoglomus claroideum PAI104A
Claroideoglomus etunicatum PAI27A
Funneliformis mosseae PAI27B
Gigaspora margarita NC175
Gigaspora gigantea PA201
Gigaspora rosea FL105
Scutellospora calospora PA103A
Septoglomus constrictum LGEO
Rhizophagus intraradices QE102
Rhizophagus irregularis ON205B

10.3389/fagro.2022.1040054

Source Site of origin
INVAM Kutztown, PA, USA
INVAM Pennsylvania, USA
INVAM Pennsylvania, USA
INVAM Durham, NC, USA
INVAM Kutztown, PA, USA
INVAM Florida, USA
INVAM Pennsylvania, USA
ERRC Kutztown, PA, USA
INVAM Quebec, Canada
INVAM Ontario, Canada

INVAM is the International Culture Collection of Vesicular Arbuscular Mycorrhizal Fungi, West Virginia University, Morgantown West Virginia, USA. ERRC is USDA-ARS Eastern

Regional Research Center, Wyndmoor, Pennsylvania, USA.

sterile SSVT before planting. The treatments included 9
individual mycorrhizal species, the mixed species inoculum,
and a non-mycorrhizal control comprised of media and roots
from uninoculated Bahia grass pot cultures for a total of 11
treatments (Table 1).

Planting

For each treatment, 24 Sweet corn cv. Coastal (Seedway, Hall
NY) and 24 butternut squash cv. Waltham (Johnny’s Selected
Seeds, Winslow ME) seeds were sown, one seed per pot, in SC10
Ray Leach Cone-tainers (164 mL; Steuwe & Sons, Inc.,
Tangent OR) 25-Mar-2021 containing the 1:50 inoculum:
SSVT media. In each pot there were approximately 300 spores,
plus hyphae and colonized root fragments. Treatments were
randomly organized on raised benches and were grown in a
heated (18-25°CC) greenhouse at the Rodale Institute, Kutztown
PA under natural light. Plants were fertilized once per week with
Hoagland’s solution, modified to contain 0.1X P and watered
daily (Hoagland and Arnon, 1950).

Biomass sampling

Roots were sampled at 15- and 30-days post planting. On
both dates, 5 representative plants were destructively harvested
from each treatment and aboveground tissue were separated
from roots. Roots were gently washed with water to remove
media and refrigerated before microscopy and molecular
analysis. On the second sampling date, aboveground and
belowground biomass was measured and aboveground tissue
was further dried at 85°CC for ~24 h and ground to a powder for
nutrient and mineral analysis.
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Mycorrhizal colonization

To examine the efficiency at which different mycorrhizal
species colonized roots, percent colonization of roots was
determined on day 15 and 30 on five corn and squash
seedlings. In brief, roots were soaked at room temperature in
10% potassium hydroxide for ~96 h and then subsequently
brought to a boil for five minutes to clear cells and remove
pigment. Roots were then acidified in 1% hydrochloric acid for
five min at 90°CC and stained with 0.5% trypan blue (Phillips
and Hayman, 1970). Percent of root length colonized by AMF
was then determined by the gridline intersect method
(Giovannetti and Mosse, 1980). For molecular quantification,
DNA from root 50 mg subsamples was extracted and used for
multiplex qPCR using the methods previously described in
(Heller and Carrara, 2022). ZM-HMG, the Zea mays High
Mobility Group (HMG) A gene (Scholdberg et al., 2009) was
used as a reference to quantify corn DNA from root samples.

Shoot and leaf nutrient and mineral
concentration

Dried and ground aboveground biomass of corn and squash
seedlings collected on the second sampling date (30 days) were
submitted to the Penn State University Agricultural Analytical
Laboratory (State College, PA). To determine the extent to
which AMF inoculation altered nutrient uptake, we analyzed
tissue concentration of 5 macronutrients including phosphorus
(P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur
(S). We analyzed an additional 6 micronutrients including iron
(Fe), copper (Cu), boron (B), aluminum (Al), zinc (Z), and
sodium (Na). Nutrient concentrations were determined by
HNO; and H,O, digestion followed by inductively coupled
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plasma-optical emission spectrometry analysis (Huang and
Schulte, 1985).

Statistical analysis

To examine the extent to which AMF inoculation altered
tissue nutrient concentration and biomass we performed one-
way analysis of variance (ANOVA) on each independent
variable (i.e. biomass, nutrient concentration) with
mycorrhizal treatment as the main factor after checking if the
assumptions of normality (Shapiro-Wilkes test) and
heteroskedasticity (Breush-Pagan test) were met. We
performed ANOVA on corn and squash separately because we
were chiefly interested in the impact of inoculation on nutrient
concentration and biomass for each host rather than making
comparisons between squash and corn. If the results of the
ANOVA were determined to be significant (significance
threshold p<0.05), we then performed post hoc Tukey-Kramer
HSD tests to examine for significant differences between
treatments. In cases that assumptions of AVOVA were not

10.3389/fagro.2022.1040054

met, we performed non-parametric Kruskall-Wallace H tests
followed by Conover’s multiple comparisons test. We
determined the level of correlation between % mycorrhizal
colonization and tissue nutrient concentration using Pearson’s
product-moment correlation across all treatments. All statistics
were completed in R Studio v.1.4.1106 (R Studio Team, 2020).

Results
Mycorrhizal colonization

The effectivity of establishing mycorrhizal colonization
varied across AMF species and between squash and corn. R.
intraradices was the best colonizer of both corn and squash on
both sampling dates. After 15 days, mycorrhizal colonization of
corn seedlings ranged from 64% in the R. intraradices treatment
to 0.7% in the S. constrictum treatment (Figure 1A). After 30
days, colonization ranged from 87% in in the R. intraradices
treatment to 3% in the G. margarita treatment. In squash,
colonization was generally lower and ranged from 45% in the

80

60

40 t

20

corn

I:l day 15
. day 30

80

% colonization
o]

40

20 |

FIGURE 1

Percent colonization of roots varied across AMF inocula. Percent colonization values of (A) corn and (B) squash roots. Valued are means (n=5
plants) presented with standard error as measured fifteen days after planting (open bars) and 30 days after planting (black bars)
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R. intraradices treatment to 3% in the S. constrictum treatment
after 15 days and from 95% in the R. intraradices treatment to
3% in the S. constrictum treatment after 30 days (Figure 1B).

Relative quantification of fungal DNA to plant DNA
(Figure 2) revealed that roots of corn seedlings inoculated with
F. mosseae were associated with 10-fold higher fungal DNA on
day 30 compared to day 15. For plants inoculated with C.
etunicatum, the relative quantity of fungal DNA increased by
5.8-fold on day 30 compared to day 15, whereas for R. irregularis
inoculated plants, the fungal DNA was the same on both
sampling dates, and for R. intraradices inoculated plants,
fungal DNA decreased by nearly half on day 30.

Aboveground tissue nutrient and
mineral concentration

Overall, percent mycorrhizal colonization of squash and
corn roots was positively correlated with leaf tissue P
concentration across all mycorrhizal treatments (Figures 3A,
B). P concentration was 139% higher in corn inoculated with R.
intraradices and 125% higher in corn inoculated with R.
irregularis (Figure 4A). In addition to higher P, R. irregularis
inoculated corn had 129% more Mg than uninoculated corn
(Table 2). C. etunicatum increased Mg by 156% and Ca by 146%
(Table 2). Finally, G. margarita inoculated corn had 155% more
Mg and 140% more Ca than uninoculated corn but had 13% less
K (Table 2). Finally, seven mycorrhizal treatments had lower Na
concentration than uninoculated corn (Table 2). There were no
other differences in macro- and micronutrients between
uninoculated and inoculated corn seedlings (Table S1).

There were fewer differences in aboveground nutrient
concentration between inoculated and uninoculated squash. R.
irregularis inoculated squash had 129% more P than

A B
oo r AACt=33 L AACt=2.5
Rel. Qty =10 Rel. Qty =5.8
2.0 [ 2.0
4.0 -4.0

-6.0 [ -6.0
-8.0

-10.0

8.0 |

-10.0

ACt (Ct AMF — Ct Reference)

-

F. mosseae

FIGURE 2

C. etunicatum

10.3389/fagro.2022.1040054

uninoculated squash and G. rosea inoculated squash had 141%
more Ca (Figure 4B and Table 2). VST-ORG inoculated squash
had 23% less S (Table S2).

Aboveground tissue and root biomass

In corn, plants associated with S. constrictum had 200%
more aboveground biomass relative to control plants (Figure 5).
G. rosea associated corn had 162% more aboveground biomass
and 200% more belowground biomass than uninoculated plants
(Figures 5, 6A). In squash, plants associated with G. margarita
had 62% less root biomass than uninoculated plants and plants
associated with G. rosea had 63% less root biomass (Figure 6B).
The other mycorrhizal treatments had no effect on squash
root biomass.

Discussion

Here we show that AMF inoculation is a promising
candidate as an alternative to traditional fertilizers. We found
that different mycorrhizal species have a range of efficiencies in
colonizing corn and squash seedlings and appear to vary in their
ability to enhance nutrient uptake efficiency between hosts.
Specifically, we found that while inoculation with certain AMF
species (namely those in the Rhizophagus genus) enhanced P
uptake, other AMF species appear to benefit Ca and Mg uptake
and biomass accumulation.

The wide range of colonization efficiencies across AMF
species was possibly due differences in the plant carbon cost of
nutrient acquisition between AMF species. In other words,
because plants control the amount of C allocated to
mycorrhizae to maximize nutrient return on C investment,

00

AACt=-0.9 ooy AACt=0.0

Rel. Qty =0.54 Rel. Qty =1
20 _ 20
6.0 [ E 6.0
8.0 1 80
-10.0 [ -10.0

R. intraradices R. irregularis

Box and whisker plots showing relative quantification of AMF DNA associated with inoculated corn seedling roots after 15 days (white bars) and
30 days (gray bars) for (A) F. mosseae, (B) C. etunicatum, (C) R. intraradices, and (D) R. irregularis. The difference between the average ACt value
on days 30 and 15 (AACt) was used to calculate the relative quantity (Rel. Qty) for each fungal DNA target.
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FIGURE 3
Percent root colonization across all seedlings was significantly correlated with % aboveground tissue phosphorus in corn (A) and squash (B).

P values are from Pearson’s product moment correlation. Percent colonization data presented are from the day 30 sampling.
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FIGURE 4
Both Rhizophagus species enhanced P uptake in corn and R. irregularis enhanced P uptake in squash. Values are mean % aboveground tissue

phosphorus (n=5) presented with standard error in corn (A) and squash (B). The closed are uninoculated seedlings and the open bars are
inoculated seedlings. P values are from Kruskall-Wallace H test. Asterisks represent significant differences between uninoculated seedlings and
inoculated seedlings p<0.05. Dagger represents significant differences between uninoculated seedlings and inoculated seedlings p<0.10
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TABLE 2 Potassium (K), magnesium (Mg), calcium (Ca), and sodium (Na) concentration (ppm) in corn and squash seedlings inoculated with mycorrhizae.

Corn Squash
K Mg Ca Na K Mg Ca Na
Uninoculated 440 + 005" 039 + 005 059 + 009 2821 + 6681° 317 + 022 055 + 001° 1.11 + 004> 1204 + 17.73°
C. etunicatum 422 + 0.3 0.62 = 0.01° 087 = 003" 1244 + 19.84°" 311 = 011° 064 + 002 146 + 007 1123 = 1079
G. margarita 381 + 022° 061 = 005 083 = 0.07° 1026 + 1290 357 =+ 007" 063 = 004 112 + 012° 1229 = 786"
R. irregularis 461 + 004" 051 + 0.02* 068 + 005 90.1 + 447 346 + 018" 069 + 004" 133 + 0.10° 1259 + 11.98°
G. gigantea 471 + 011° 047 + 001" 067 + 003 1416 + 2749 332 + 017 062 = 003 135 + 009 1323 + 595
R. intraradices 478 + 007° 043 + 001°™ 053 + 004 1229 + 1223 363 + 017° 068 = 002" 1.08 + 011" 1273 + 1974
F. mosseae 421 + 006™ 043 + 002" 058 + 003* 559 + 2.68 3.30 007" 060 + 002 135 + 013 1006 =+ 522°
S. calospora 480 + 014° 041 + 003 071 + 007" 1058 + 32.55> 286 003> 0.69 + 006® 139 + 006 1198 + 991*
C. claroideum 446 + 0.10° 041 = 001" 056 = 002° 928 =+ 21.46“ 317 + 021°° 054 + 004" 113 + 012 1386 = 594
VST-ORG 448 + 0.12° 038 + 002° 061 + 003 1108 + 969" 324 + 012 060 + 003" 123 =+ 006 1375 + 413
G. rosea 464 + 012° 036 + 001° 053 + 002 1019 + 1130 357 + 012 068 = 001 156 + 0.03° 1568 + 8.62°
S. constrictum 467 + 022" 036 + 003 060 * 005" 2319 + 3361" 337 + 019° 055 + 003 129 + 007" 1393 + 7.25°

VST-ORG is a mixed species inoculum propagated from organic vegetable soil. Values are means (n=5) presented with standard error. Bold values indicate significant differences between the
mycorrhizal treatment and the uninoculated treatment within each host. "indicates significance at the p<0.10 level. Letters indicate significant differences between treatments.

mycorrhizal species with higher efficiencies of nutrient
acquisition and lower C costs will have a greater benefit to
plant nutrient status (Nouri et al., 2014). Supporting this
mechanism, tissue culture studies have reported an inverse
relationship between P availability and root-exudate
production and mycorrhizal hyphal branching (Nagahashi
et al,, 1996). At a broader scale, this mechanism is evidenced
by strong reductions in colonization under P and N fertilization
across field studies (Treseder, 2004; Jeske et al., 2018; Han et al,,
2020). As each inoculum had a similar initial number of AMF
propagules (i.e. spores and root fragments), it is clear that species

in the Rhizophagus genus have a distinct advantage over other
AMEF species in maintaining mycorrhizal relationships with both
hosts in this study. This is consistent with recent research that
showed that evolutionarily younger genera of AMF including
Rhizophagus, outperformed more ancient evolutionary lineages
(including all other genera used here) in colonization and P
concentration in leeks (Sile et al., 2021). This advantage appears
to be driven by the foraging and transfer efficiency of P of this
genus (Figure 4). These results are further in line with past work
that showed Rhizophagus have a unique ability to exploit P
nutrient patches over other AMF species including F. mosseae

0.42
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0
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*
028 +
021 r
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p<0.001

Corn aboveground biomass (g)

Mycorrhizal species

FIGURE 5

S. constrictum and G. rosea enhanced corn seedling aboveground biomass 30 days post germination. The closed bars are uninoculated
seedlings and the open bars are inoculated seedlings. P values are from one-way ANOVA. Asterisks represent significant differences between

uninoculated seedlings and inoculated seedlings.
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FIGURE 6

Root biomass of uninoculated and AMF inoculated corn (A) and squash (B) seedlings 30 days post germination. Most AMF inoculated squash
seedlings had less root biomass than the uninoculated seedlings. The closed bars are uninoculated seedlings and the open bars are inoculated
seedlings. P values are from the Kruskall Wallace H test. Asterisks represent significant differences between uninoculated seedlings and

inoculated seedlings.

and G. margarita (Cavagnaro et al., 2005). In fact, across all
treatments we found a positive relationship between percent root
colonization and aboveground tissue P concentration in both
squash and corn suggesting that plants actively allocated C to
mycorrhizal colonization to alleviate P limitation, regardless of
species (Figure 3A, B). In an alternative experimental design, for
instance, if N was limited, we may expect to see a similar
relationship between colonization and aboveground tissue
N concentration.

While Rhizophagus species appear to enhance the uptake of
the immobile nutrient P in both species, C. etunicatum and G.
margarita increased the uptake of soluble nutrients Mg and Ca
in corn (R. irregularis also enhanced Mg to a lesser extent;
Table 2). In squash, Ca was enhanced by G. rosea (Table 2).
While most studies focus on mycorrhizal foraging capacity of
insoluble nutrients, these results are consistent with previous
studies that showed enhancement of Mg and Ca concentration
of corn (as well as beans and tomatoes) grown with indigenous
AMF communities compared to sterile soil (Buttery et al., 1988;
El-Shanshoury et al., 1989; Kothari et al., 1990; Liu et al., 2000;
Zare-Maivan et al., 2017). Unlike P, soluble nutrients are mostly
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taken up by plants through mass-flow as water is absorbed into
root systems (Liu et al, 2000). AMF have been shown to
contribute to plant water status and enhance water flow
through increased belowground surface area and access to
water in pore spaces not accessible to roots (Delavaux et al,
2017). While the morphological attributes of hyphal networks of
different AMF species have not been well characterized, and
hyphal density was not measured in this study, past research has
shown that plants inoculated with different species of AMF
exhibit a range of water uptake efficiencies with F. mosseae
inoculated plants (formerly G. mosseae) being more efficient
than some others (Ruiz-Lozano and Azcon, 1995; Marulanda
et al, 2003). There are two possible explanations as to why C.
etunicatum, G. margarita, and G. rosea enhanced Ca and Mg
uptake to a greater extent than other species. First, it is possible
that these species have a physical advantage in water access over
other species (i.e., more surface area per unit mass, smaller
diameter) Second, these species may have higher rates of direct
transfer of water from hyphae to roots. Regardless of the
mechanism, these species appear to positively contribute to
plant uptake of soluble nutrients.
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Using a similar approach as (Bodenhausen et al., 2021), we
used qPCR to measure the relative quantity of AMF DNA to
plant DNA at two sampling points after germination of sweet
corn seeds in inoculated soil. We were able to use this approach
for quantification of four of our AMF inocula, which were
readily detectable by qPCR, and only on corn (not squash) as
a plant gene reference assay was not available for C. moschata.
Consistent with the increased colonization observed by root
staining (Figure 1A), F. mosseae DNA was 10-fold higher at 30
days compared to 15 days for seedlings inoculated with that
species (Figure 2A), indicating that the increase in DNA quantity
may be due to overall increase in fungal biomass. However, for
C. etunicatum, the 5.8-fold increase detected in fungal DNA was
not matched with an increase in colonization, which could
possibly have been caused by growth of extraradical mycelium
that did not coincide with growth within the roots. The relative
quantification of the two Rhizophagus spp. changed the least
between days 15 and 30. For R. intraradices, the relative quantity
was reduced by about half on the later date. More
experimentation is necessary to further investigate the
significance of these findings, but under these conditions with
this cultivar of corn and these fungal isolates, colonization by
both of the Rhizophagus spp. occurred most rapidly and reached
saturation after 15 days growth, whereas dramatic increases in
colonization and biomass of F. mosseae were detected at 30 days
relative to 15 days by both staining and molecular methods, and
increases in C. etunicatum growth were observed by the
molecular method only.

Interestingly, there was no relationship between percent
mycorrhizal colonization and aboveground or root biomass
accumulation in either corn or squash. In fact, although
Rhizophagus enhanced P uptake in corn and squash, these
seedlings were not larger than uninoculated seedlings
(Figures 4, 5). This finding is consistent with other studies that
show AMF can enhance P uptake with no impact on growth in
cucumbers, flax, tomato, and medic (Pearson and Jakobsen,
1993; Smith et al., 2003; Smith et al., 2004). While many field
trials show positive growth responses to mixed AMF inoculum
(Nagahashi et al., 1996; Douds Jr. and Reider, 2003; Douds Jr.
et al., 2007; Douds Jr. et al., 2008; Douds Jr. et al., 2015; Douds Jr.
et al,, 2017), the mixed inoculum used in this study did not
appear to impact above or belowground growth during the first
30 days of plant growth. Only S. constrictum and G. rosea
inoculated seedlings yielded more biomass than uninoculated
seedlings in corn. It is possible that the lack of a growth response
in corn and squash across most AMF species in this study is due
to the seedlings becoming root-bound by day 30. On the other
hand, we found lower root biomass in R. intraradices and G.
rosea inoculated squash compared to uninoculated squash which
may reflect a shift in C investment from root production toward
mycorrhizal colonization in order to obtain P. One reason why
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corn and root biomass had divergent responses to AMF may be
differences in root growth rates and root architecture between
these hosts (Postma and Lynch, 2012; Zhang et al., 2014). Field
studies are necessary to determine the extent to which
differences in early nutrient uptake and biomass accumulation
between AMF treatments translate to fruit production and yield
at harvest.

Based on these findings, not all AMF species are equal in their
ability to increase colonization, nutrient uptake, and biomass
accumulation in squash and corn. In addition, we show that AMF
species that may improve yield or nutrient status of one host may
have no benefit to a different host. This work builds on past
research that showed mixed-species on-farm produced AMF
biofertilizers enhance the yield of many crops and suggests that
future development of AMF fertilizer products will benefit from
trials that determine host-specific AMF species. As AMF
functional traits vary between soil types and ecosystems,
farmers will benefit by testing different cultures to maximize the
effectiveness of AMF species in nutrient uptake at local scales.
This work has been used to inform an AMF inoculation field trial,
wherein the most beneficial AMF species to corn and squash as
determined here was selected for inoculation of seedlings for out-
planting in conventional and organic farming systems.
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