
 1 

Two complementary forest-originated Gigaspora spp. shifted shoot-to-root ratio 1 

for growth improvement in Cryptomeria japonica seedlings 2 

Akotchiffor Kevin Geoffroy DJOTAN *1,3, Yosuke MATSUDA 1,4, Norihisa MATSUSHITA *2,5, Kenji FUKUDA 2,6 3 
1Mie University, Graduate School of Bioresources, 2University of Tokyo, Graduate School of Agricultural and Life Sciences 4 

ORCID: 3https://orcid.org/0000-0002-3726-9826, 4https://orcid.org/0000-0002-7001-3101, 5https://orcid.org/0000-0003-3281-8846, 5 
6https://orcid.org/0000-0002-9980-3107 6 

*Corresponding author, E-mail: geoffroydjotan@yahoo.fr, nmatsushita@g.ecc.u-tokyo.ac.jp 7 

Abstract 8 

Arbuscular mycorrhizal fungi (AMF) are potential bioinoculants to grow healthy plants in healthy 9 

soils. However, most available AMF isolates originated from nonforest environments and AMF contributions 10 

to tree seedlings remain unclear. Here, our objective was to clarify the functions of forest-inhabiting AMF in 11 

tree seedling production. To achieve this, we first identified two Gigaspora AMF (LFB-4 and LFB-A1) 12 

previously isolated from Cryptomeria japonica (Cupressaceae) trees and characterized them using 13 

morphological and molecular analyzes. We then carried out inoculation assays to clarify the cohabitation 14 

and functions of LFB-4 and LFB-A1 in C. japonica seedlings. We identified LFB-4 and LFB-A1 as Gigaspora 15 

rosea and Gigaspora margarita, respectively. They produced spores inside host root cells, simultaneously 16 

developed multiple germ tubes during germination, and showed presymbiotic sporulation. LFB-A1 produces 17 

spores as large as 500 µm in diameter. LFB-4 and LFB-A1 were both beneficial AMF with different functions 18 

and complementary effects on the growth of C. japonica seedlings. In their cohabitation, while LFB-4 19 

boosted water uptake and height growth, LFB-A1 improved biomass production. Together, they 20 

encouraged carbon release into the soil and increased the shoot-to-root biomass ratio for faster seedling 21 

growth, although without increasing root colonization. We concluded that, despite erratic root colonization, 22 

G. rosea and G. margarita worked synergistically to improve the growth of C. japonica seedlings by 23 

modulating root development, likely for carbon acquisition. Root colonization assessed by microscopy or 24 

metabarcoding may overlook AMF functions. 25 
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Introduction 27 
Arbuscular mycorrhizal fungi (AMF) are beneficial microorganisms that live in roots and soils 28 

simultaneously. They play crucial roles in sustainable agriculture and forestry, with major effects on plant 29 

growth by aiding their nitrogen and phosphorus uptake (Smith & Read, 2008). Meanwhile, little is known 30 

about their biology, diversity, ecology and how their functions are realized (Hodkinson & Murphy, 2019; 31 

Kuila & Ghosh, 2022; Young, 2012). Obviously, insufficient sampling and inadequate isolation of AMF from 32 

unexplored ecosystems limit our knowledge of the functions of  the plant – AMF association  (Bullington et 33 

al., 2021). Therefore, it is necessary to collect, characterize, and investigate AMF that inhabit forest 34 

ecosystems, where plant-AMF interactions are still poorly understood. 35 

AMF diversity promotes the acquisition of phosphorus in plant communities and reduces carbon 36 

costs per unit of phosphorus (Weber et al., 2025). However, a meta-analysis revealed that commercial 37 

mycorrhizal inoculants sourced globally do not promote the growth of inoculated plants (Koziol et al., 2024). 38 

These inconsistent results could be related to different currently unresolved levels of compatibility and 39 

interactions between AMF species, other microbes, and host plants during their co-habitation. In this 40 

cohabitation, AMF can (1) be functionally complementary with positive effects on each other (Bunn et al., 41 

2024; Jansa et al., 2008; Koide, 2000; Steidinger, 2024), (2) interfere with each other by competing over 42 

resources or space within a root system (Engelmoer et al., 2014; Thonar et al., 2014), or (3) be neutral 43 

neighbors without interference and complementarity. Therefore, the AMF association functions are a 44 

partially host plant-mediated mutualism-to-parasitism continuum where positive, neutral, and negative 45 

outcomes are possible (Jansa et al., 2008; Johnson et al., 1997; Merckx et al., 2024). However, it remains 46 

unclear whether and how these three types of cohabitation explain and align with host and symbiont traits 47 

in AMF associations. Therefore, the mechanisms by which AMF, within or between species, interfere or 48 

complement each other to affect plant communities, ecosystems, and biomes remain unclear. 49 

Cryptomeria japonica D. Don (Cupressaceae) is the most planted tree species in Japan. Although 50 

its roots and surrounding soils have been intensively investigated in plantations in various environments 51 

and seasons in Japan (Djotan et al., 2022, 2023, 2024a, 2024b, 2025; Matsuda et al., 2021; Yustikasari et 52 

al., 2025), molecular detection of Gigaspora spp. in and under trees is very rare; for example, 0.21% of 53 

total AMF sequences from 369 samples (Djotan, 2024). These figures question the association of 54 
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Gigaspora spp. with the C. japonica tree. Here, our objective was to investigate the functions of two AMFs 55 

of Gigaspora (LFB-4 and LFB-A1) previously isolated from C. japonica to the seedlings of the tree and to 56 

assess how their co-habitation drives these functions. Therefore, we first identified LFB-4 and LFB-A1 and 57 

characterized them using morphological and molecular analyzes. Then, their functions were elucidated in 58 

C. japonica seedlings using inoculation assays. Due to the less frequent detection and very small relative 59 

abundances of Gigaspora DNA in roots of C. japonica and surrounding soils, we hypothesized that LFB-4 60 

and LFB-A1 are not beneficial to the plant. Additionally, because Gigaspora spp. are thought to be 61 

edaphophilic, they are assumed to have fewer hyphae in roots and more in soils (Hart & Reader, 2002) and 62 

that AMF root colonization increases with taxon richness (Verbruggen et al., 2013), we expected that 63 

inoculation with the two Gigaspora isolates would increase root colonization. 64 

Materials and Methods 65 

Replication Statement 66 

Scale of inference 
Scale at which the 
factor of interest is 
applied 

Number of replicates at the appropriate scale 

Species Species 2 arbuscular mycorrhizal fungal species (AMF) used as 
inoculants in manipulated inoculation assays 

Species Species 2 host plant species used as subjects in manipulated 
inoculation assays 

Plant (mycorrhizal 
responses) Pot 

Treatment of AMF inoculation on individual plants: 
 
Plant species 1: 
4 replicates of Control, 12 replicates of Inoculation (4 
replicates of each treatment with AMF1, AMF2 and AMF1 
+ AMF2) 
 
Plant species 2: 
10 replicates of Control, 30 replicates of Inoculation (10 
replicates of each treatment with AMF1, AMF2 and AMF1 
+ AMF2) 

Soil (mycorrhizal 
responses) Pot 

Treatment of AMF inoculation in individual plant 
cultivation pots: 
 
Pots with plant species 1: 
5 replicates of Control, 15 replicates of Inoculation (5 
replicates of each treatment with AMF1, AMF2 and AMF1 
+ AMF2); 
 
Pots with plant species 2: 
10 replicates of Control, 30 replicates of Inoculation (10 
replicates of each treatment with AMF1, AMF2, and 
AMF1 + AMF2) 

 67 
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Biological material and AMF isolate identification 68 
Two Gigaspora isolates (MAFF 520098 and MAFF 520099; LFB-4 and LFB-A1 hereafter) collected 69 

from a C. japonica forest, G. rosea T.H. Nicolson & N.C. Schenck (MAFF 520062), G. margarita W.N. 70 

Becker & I.R. Hall (MAFF 520052), non-Gigaspora AMF taxa F-1 (Acaulospora longula Spain & N.C. 71 

Schenck, MAFF 520060), TSU-2 (Rhizophagus clarus, (T.H. Nicolson & N.C. Schenck) C. Walker & A. 72 

Schüßler, MAFF 520089), and YC-1 (Paraglomus occultum (C. Walker) J.B. Morton & D. Redecker, MAFF 73 

520091) obtained from the National Agricultural Research Organization (NARO) in Japan were used in this 74 

study (see Supplementary Materials and Methods, SMM1). Molecular and morphological analyzes were 75 

used to identify LFB-4 and LFB-A1 (see SMM2). We further observed, monitored, and described spore 76 

germination and presymbiotic mycelium growth by incubating them in 1.5% gellan gum medium at 25 ° C 77 

in the dark in an incubator (MIR-554; Sanyo, Osaka, Japan), following Djotan (2024). 78 

Inoculation assays 79 
The seeds of C. japonica (Ichishi cultivar, Mie Prefecture, Japan) were surface sterilized and grown 80 

under axenic conditions to test the responses of its seedlings to inoculation with LFB-4 and LFB-A1 (see 81 

SMM3). On 17 June 2024, 2 cm tall seedlings or more were inoculated with water (control), LFB-4, LFB-A1 82 

or both AMF and cultured in a plant room at 20 ° C with a light cycle of 12 h per day (8:00–22:00; light 83 

intensity of 65 μmol m−2 s−1). Throughout the plant-AMF co-culture period spanning 204 days, we monitored 84 

seedling growth by measuring plant height. Other sets of C. japonica seedlings inoculated with and without 85 

the isolates were grown separately for 10 months to further evaluate the long-term response of the host to 86 

the inoculation. To evaluate the contribution of forest-inhabiting AMF to crop plants in agricultural systems, 87 

we also tested LFB-4 and LFB-A1 in carrot plants (Daucus carota L.) in inoculation assays spanning 140 88 

days of cultivation (SMM3). Briefly, each of the AMF treatments described above was applied to 10 pots 89 

containing 10 D. carota plants each. In different assays carried out under the same conditions as described 90 

earlier, C. japonica seedlings were inoculated with F-1, TSU-2 and YC-1 (n = 10 per treatment) and grown 91 

for 88 days to compare the responses of C. japonica to these non-Gigaspora AMF relative to Gigaspora 92 

isolates LFB-4 and LFB-A1. 93 

Harvest and sample processing 94 
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After harvesting C. japonica seedlings on 17 March 2025, we scanned the whole plant (Online 95 

Resource 1) and then measured the fresh weight of the plant (FWplant), the height of the plant (H), the fresh 96 

weight of the shoot (FWshoot), the fresh weight of the root (FWroot) and the dry weight of the shoot (DWshoot). 97 

Total root length (Lroot) was measured using WinRHIZO (WinRHIZO, 2025). The shoots were dried in a 98 

drying sterilizer (SH600; Yamato Scientific, Tokyo, Japan) at 65 ° C for 18 days. For DNA extraction, half 99 

of the root samples were kept frozen until lyophilization using a freeze-dryer (FDU-2000; EYELA, Tokyo, 100 

Japan) and the lyophilized samples were milled using a smasher (MicroSmashTM MS100; TOMY, Tokyo, 101 

Japan). We added 10% KOH to the other half of the root samples for the morphological analysis of root 102 

colonization. Growth media (soils) were air dried at room temperature for pH and C/N measurements using 103 

a pH meter (MP220; Mettler-Toledo, Greifensee, Switzerland) and element analyzer (vario EL cube 104 

element; DKSH Japan, Tokyo, Japan), respectively. To compare the mycorrhizal growth response of C. 105 

japonica to F-1, TSU-2, and YC-1 relative to the forest-originating Gigaspora isolates LFB-4 and LFB-A1, 106 

H was measured every time in both assays. 107 

Upon the harvest of D. carota plants, the most vigorous individual was selected in each replicate 108 

pot, resulting in 10 D. carota plants per treatment (40 plants in total). We measured the H, FWshoot and fresh 109 

weight of the taproot (FWtaproot, consumable carrot) of the selected D. carota plants. 110 

Analysis of mycorrhization and root colonization 111 

Mycorrhization and root colonization were evaluated using morphological and molecular analyzes. 112 

We counted the number of spores and checked for the presence of AMF hyphae in 30 g of air-dried 113 

experimental soils passed through a 1 mm mesh by wet sieving and decanting (Brundrett et al., 1996). 114 

Observations and counts were performed using a stereoscopic microscope (SZX16; Olympus, Tokyo, 115 

Japan). Root samples previously stored in 10% KOH were stained with Trypan blue in lactoglycerol (Phillips 116 

& Hayman, 1970) and a total length of 80 cm (5 samples × 4 treatments × 4 root fragments × 1 cm) of root 117 

fragments were arbitrarily selected and analyzed under a light microscope (BX53; Olympus) following 118 

McGonigle et al. (1990) to record detection of AMF characteristic, arbuscules or coils, hyphae, spores and 119 

vesicles. We further amplified partial SSU rDNA to confirm root colonization of isolates in C. japonica (see 120 

SMM3). 121 

Statistical Analysis 122 
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We calculated the relative water content in the shoots (WCshoot, %) as 100 × (FWshoot – DWshoot) / 123 

FWshoot and the fresh shoot-to-root weight ratio (S/Rfresh). After validating the assumptions of homogeneity 124 

of variances and normality in measured plant and soil variables with the Levene and Shapiro tests at p > 125 

0.05, we analyzed the effects of AMF inoculation on the variables using one-way analysis of variance 126 

(ANOVA). Differences between treatments were tested using Tukey’s test at p < 0.05. Upon violation of at 127 

least one of the assumptions mentioned above for parametric tests, we used the Kruskal-Wallis test 128 

followed by the post hoc t-student test with the Bonferroni p-value adjustment method to check the effect 129 

of inoculation treatments at p < 0.05 and compare variables between treatments. For C. japonica assays, 130 

to understand how AMF inoculation treatment affected plants and soils, we calculated and tested the 131 

significance of Pearson correlations between plant and soil variables at p < 0.05 using the Hmisc R package 132 

(Harrell, 2025). We performed a local polynomial regression (Cleveland et al., 1992) fitted to the Gaussian 133 

family using the Loess method in the R package stats v. 4.3.2 (R Core Team, 2023) on H growth rates of 134 

C. japonica seedlings for each treatment as a function of time. 135 

Results 136 

Presymbiotic growth of LFB-4 and LFB-A1 and root colonization 137 

Based on molecular and morphological analyzes, we identified LFB-4 and LFB-A1 as G. rosea and 138 

G. margarita, respectively (Online Resources 1~3). On 1.5% gellan gum medium, it took up to two weeks 139 

for the LFB-A1 spores to germinate, while it took less than a week for the LFB-4 spores. One to three germ 140 

tubes developed simultaneously from the germinal layer (L3) through the spore wall, generally near the 141 

sporogenous cell, during germination (Online Resources 2 & 3). During the presymbiotic stage of some 142 

individuals of LFB-4 and LFB-A1, immature spores developed intercalary at the tip of the growing mycelium 143 

and an anastomosis-like connection of  hyphae was also observed. LFB-4 and LFB-A1 formed mycorrhizae 144 

with lab grown clover (Trifolium repens L.), sorghum (Sorghum bicolor (L.) Moench) (propagation assay), 145 

C. japonica and D. carota (mycorrhizal response assay). Mycelial coils and spores formed sporadically 146 

within the roots of C. japonica but were more often formed in T. repens and S. bicolor (Online Resources 2 147 

& 3). Examination of the stained roots of inoculated T. repens showed intensive root colonization, where 148 

the root cells were filled with arbuscules, coiled hyphae, and sometimes spores. In addition, multiple spores 149 

were produced on the root surface. However, examination of the stained roots of C. japonica roots revealed 150 
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a very erratic distribution of coiled intracellular hyphae, intercellular hyphae and spores in the root cells 151 

(Table S1). Hyphae and spores of the corresponding AMF isolates were present in the  soils of the 152 

inoculated pots, but not in the control pots (Table S1). In the mixed treatment pots, spores of either isolate 153 

were observed. Based on PCR, AMF DNA was detected in all C. japonica subjects inoculated, but not in 154 

control subjects (no inoculation). For D. carota, we confirmed that the cultivation soils contained freshly 155 

produced spores. 156 

Response of soil and plants to LFB-4 and LFB-A1 inoculation 157 

Total soil C, but not N, C/N, and pH, was significantly different between inoculated and non-158 

inoculated pots (Table 1, Table S2). For the two tested plant species (C. japonica and D. carota), growth 159 

acceleration was observed in all inoculated plants compared to control plants, particularly for C. japonica 160 

seedlings (Online Resources 4 & 5). In C. japonica, S/Rfresh, FWplant, DWshoot, FWshoot, H, and WCshoot were 161 

higher in inoculated than in non-inoculated control seedlings, and these differences were significant (p < 162 

0.05), except for FWplant (Table 1). However, Lroot was significantly higher in the uninoculated control than 163 

in the inoculated seedlings (p = 0.03). When grown for 10 months, the root architecture differed between 164 

treatments, but the root biomass was comparable (Online Resource 6). At 88 days after inoculation, C. 165 

japonica seedlings with LFB-4 and LFB-A1 grew taller (H) than those with F-1, TSU-2 and YC-1 (Online 166 

Resource 7). In D. carota, all measured plant properties (FWshoot, H, and FWtaproot) were also higher in 167 

inoculated plants than in non-inoculated control plants, but the difference was significant only for FWshoot 168 

and H (p < 0.05). 169 

When comparing soil properties among the four treatments (control, treatments with LFB-4, LFB-170 

A1 and LFB-4 + LFB-A1), no significant effect of treatment was observed (p > 0.05; Table 1, Table S2). 171 

However, for plant properties, we observed significant differences (p < 0.05) between treatments in S/Rfresh, 172 

H, and WCshoot (C. japonica), and in H and FWtaproot (D. carota). For C. japonica, non-inoculated subjects 173 

had the highest FWroot and Lroot; the highest values of FWplant and DWshoot were observed in seedlings with 174 

LFB-A1 and with the mixture of LFB-4 and LFB-A1, H, S/Rfresh, FWshoot, and WCshoot were the highest (Table 175 

1). Although not significant (p > 0.05), LFB-4 inoculated seedlings had a higher H than LFB-A1-inoculated 176 

seedlings. For D. carota, FWshoot and FWtaproot were highest with LFB-4, and H was highest with the mixture 177 

of LFB-4 and LFB-A1. 178 



 8 

FWshoot and DWshoot were not significantly correlated with WCshoot (p > 0.05), while the latter showed 179 

significant positive and negative correlations with H (Pearson correlation = 0.65, p = 0.01) and FWroot 180 

(Pearson correlation = -0.61, p = 0.01), respectively (Table S3). Furthermore, Lroot was negatively correlated 181 

with WCshoot (Pearson correlation = -0.58, p = 0.02). Total soil C was significantly correlated with WCshoot 182 

(Pearson correlation = 0.55, p = 0.03) and C/N was significantly correlated with DWshoot (Pearson correlation 183 

= 0.51, p = 0.04). 184 
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Table 1 Soil feedbacks and responses of Cryptomeria japonica and Daucus carota to inoculation of different arbuscular mycorrhizal fungi and their 185 
combination 186 

Soil properties Control (n = 5) LFB-4 (n = 5) LFB-A1 (n = 5) Mix (n = 5) AMF inoculated (n = 15) 
pH 5.87 ± 0.04 a A 5.90 ± 0.05 a 5.84 ± 0.04 a 5.12 ± 0.05 a 5.88 ± 0.06 A 
C (%) 0.007 ± 0.001 a B 0.008 ± 0.001 a 0.009 ± 0.001 a 0.009 ± 0.002 a 0.009 ± 0.001 A 
N (%) 0.0003 ± 0.0001 a A 0.0004 ± 0.0001 a 0.0004 ± 0.0001 a 0.0004 ± 0.0001 a 0.0004 ± 0.0001 A 
C/N 21.3 ± 5.4 a A 22.0 ± 6.2 a 23.1 ± 7.6 a 20.6 ± 1.4 a 21.9 ± 5.4 A 
Plant properties - 
Cryptomeria japonica  Control (n = 4) LFB-4 (n = 4) LFB-A1 (n = 4) Mix (n = 4) AMF inoculated (n = 12) 

S/Rfresh 1.76 ± 0.56 b B 4.34 ± 1.16 ab 3.78 ± 0.76 ab 5.73 ± 2.47 a 4.60 ± 1.70 A 
FWplant (mg) 639.8 ± 204.7 a A 790.3 ± 141.3 a 828.0 ± 480.0 a 809.3 ± 262.4 a 809.2 ± 295.5 A 
FWroot (mg) 189.0 ± 60.5 a A 145.8 ± 50.7 a 160.8 ± 88.9 a 122.0 ± 49.8 a 142.8 ± 61.7 A 
FWshoot (mg) 312.8 ± 66.8 a B 589.8 ± 71.3 a 617.3 ± 360.8 a 646.3 ± 208.6 a 617.8 ± 222.1 A 
DWshoot (mg) 59.6 ± 8.8 a B 98.2 ± 15.8 a 107.6 ± 64.1 a 106.4 ± 38.1 a 104.1 ± 40.0 A 
H (cm) 2.1 ± 1.2 b B 7.2 ± 1.0 a 5.0 ± 1.6 ab 7.3 ± 2.4 a 6.5 ± 1.9 A 
WCshoot (%) 80.7 ± 2.0 b B 83.4 ± 0.9 a 82.6 ± 0.6 ab 83.7 ± 0.8 a 83.2 ± 0.9 A 
Lroot (cm) 82.2 ± 12.7 a A 54.6 ± 17.5 a 57.9 ± 32.2 a 52.2 ± 17.2 a 54.9 ± 21.3 B 
Plant properties - 
Daucus carota Control (n = 10) LFB-4 (n = 10) LFB-A1 (n = 10) Mix (n = 10) AMF inoculated (n = 30) 

FWshoot (mg) 234.1 ± 173.0 a B 349.1 ± 173.0 a 293.8 ± 153.1 a 343.6 ± 145.1 a 328.8 ±  154.0 A 
H (cm) 13.0 ± 3.3 b B 16.2 ± 3.0 ab 16.4 ± 3.1 ab 17.6 ± 1.4 a 16.7 ±  2.6 A 
FWtaproot (mg) 1130.2 ± 571.9 b A 1878.2 ± 818.5 a 1153.9 ± 479.8 b 970.8 ± 287.2 b 1334.3 ±  681.0 A 

Values are presented as mean ± standard deviation. C: Total carbon, N: Total nitrogen, C/N: C to N ratio, S/Rfresh: Fresh shoot to root weight ratio, 187 
FWplant: Plant fresh weight, FWroot: Root fresh weight, DWshoot: Shoot dry weight, FWshoot: Shoot fresh weight, H: Plant height, WCshoot: Shoot water 188 
content, Lroot: Total root length, FWtaproot: Fresh weight of the taproot. We performed a Tukey honestly significant difference test after one-way analysis 189 
of variance or a post hoc analysis with the Bonferroni probability adjustment method following the Kruskal-Wallis test (see Table S2). Treatments 190 
with the same letter were not significantly different. Lowercase letters compare values between control and inoculated plants by AMF treatment (df 191 
= 3). Uppercase letters compare values between control and inoculated plants regardless of AMF species (df = 1)192 
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Discussion 193 
In this study, we identified two isolates of Gigaspora AMF (LFB-4 and LFB-A1) previously collected 194 

from C. japonica trees in central Japan, G. rosea and G. margarita (see Supplementary Results and 195 

Discussion), and investigated their biology, ecology and function. Because of the very low relative 196 

abundance of Gigaspora spp. DNA detected in the roots and surrounding soils of C. japonica over five 197 

years of investigation (Djotan et al., 2022, 2023, 2024a, 2024b, 2025), we hypothesized that LFB-4 and 198 

LFB-A1 are not beneficial to the plant. Furthermore, because Gigaspora spp. are thought to be edaphophilic 199 

(Hart & Reader, 2002) and root colonization increases with taxon richness (Verbruggen et al., 2013), we 200 

expected that inoculation with the two isolates would increase root colonization compared to inoculation 201 

with a single isolate. The two AMF isolates, LBF-4 (G. rosea) and LFB-A1 (G. margarita), showed 202 

considerable growth promotion in C. japonica seedlings and were complementary in their cohabitation in 203 

the host plant. However, co-inoculation did not increase root colonization, although it provided the best 204 

growth-promoting benefits for C. japonica. These results suggest that (1) environmental metabarcoding 205 

(eDNA) may overlook some beneficial taxonomic groups of AMF of a given host plant species, and (2) root 206 

colonization is not necessarily proportional to the amount of benefits that AMF can provide to their host 207 

plant. 208 

Importance of characterizing AMF as independent living organisms 209 

In the present study, G. rosea (LFB-4) and G. margarita (LFB-A1) sporadically colonized the roots 210 

of C. japonica, producing spores in some root cells. However, the colonization of T. repens roots, where 211 

spores are produced not only in root cells but also on the surface of the roots, was not sporadic. The 212 

differential colonization of C. japonica (a tree) and T. repens (an herb) could be related to the suggested 213 

inverse proportionality of AMF richness in roots and the lifespan of the corresponding host plants (Djotan 214 

et al., 2025; Torrecillas et al., 2012). Our findings suggest that Gigaspora spp. may colonize herbaceous 215 

plants more easily than they can colonize the roots of woody plants. Consequently, the colonization of 216 

woody and herbaceous plants could differ within the same AMF species. To date, our observations of spore 217 

production inside host plant cells in Gigaspora, simultaneous development of multiple germ tubes during 218 

spore germination, and intercalary spore production at the tip of running mycelium in a gellan gum medium 219 

during the presymbiotic stage have not been previously reported. Our observations underscore the 220 
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importance of studying and characterizing AMF as living organisms, like other macrofungi, rather than just 221 

as plant symbionts. Taken together, our findings represent a good guide to how G. rosea and G. margarita 222 

inocula can be successfully produced and applied in the field. 223 

Despite having an erratic root colonization, G. rosea and G. margarita inhabiting forest 224 

ecosystems are plant-beneficial AMF 225 

Gigaspora rosea and G. margarita had less fungal biomass (spores and hyphae) inside plant roots 226 

but showed growth promotion in C. japonica. Based on previous functional classifications of AMF families 227 

into three guilds, that is, rhizophilic, edaphophilic, and ancestral, root and soil biomass allocations in AMF 228 

vary between taxa (Hart & Reader, 2002; Powell et al., 2009; Varela-Cervero et al., 2015; Weber et al., 229 

2019). Rhizophilic guild (high intra- and low extraradical hyphae) includes Glomeraceae, 230 

Claroideoglomeraceae, and Paraglomeraceae; edaphophilic guild (low intra- and high extraradical hyphae) 231 

includes Gigasporaceae and Diversisporaceae; and the third guild, dubbed ancestral (low intra- and 232 

extraradical hyphae), includes Archaeosporaceae, Ambisporaceae, Pacisporaceae, and Acaulosporaceae. 233 

We found that, in the roots of fast-growing C. japonica seedlings inoculated with LFB-4 or LFB-A1 234 

(compared to control seedlings without AMF), the presence of hyphal coils was very unpredictable. This 235 

finding supports the above functional classification of AMF describing Gigaspora spp. as edaphophilic AMF 236 

and suggests that a high density of hyphae might not be required for a functional mycorrhizal association. 237 

However, while extensive root colonization by rhizophilic AMF can protect host plants against pathogen 238 

infection, extensive extraradical mycelia by edaphophilic AMF (eg, Gigaspora spp.) are suitable for nutrient 239 

uptake (Sikes et al., 2010). With few infection points, it can be assumed that Gigaspora spp. are vulnerable 240 

to soil disturbance, but the taxon appears to be less affected (Hart & Reader, 2004). Soil disturbances may 241 

break hyphae-root connections, requiring partners to reestablish symbiosis. Thus, Gigaspora spp. being 242 

reported to be less vulnerable to disturbances questions how they overcome soil disturbances. Our findings 243 

question the common practice of using the proportion of root length colonized by fungi as a proxy for 244 

assessing mycorrhizal function (McGonigle et al., 1990; Smith & Smith, 2011). While the proportion of 245 

colonized root length and similar measures remain useful and easily obtained metrics, colonization–benefit 246 

relationships are context dependent and far from straightforward (Frew, 2025; Hoeksema et al., 2010). 247 
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Therefore, we need to review how we interpret our observations and how we assess the function of AMF 248 

associations. 249 

We found that in single- or dual-species inoculation, G. rosea and G. margarita had remarkable 250 

growth promoting effects on a tree host plant (C. japonica) and an herb plant species (D. carota), in addition 251 

to the plants used to propagate them in a laboratory (S. bicolor and T. repens). This shows that forests 252 

inhabiting G. rosea and G. margarita are beneficial AMF and can be used in plant production. In a meta-253 

analysis, Marro et al. (2022) reported that Gigasporales are beneficial to plants facing biotic stress, such 254 

as insects, microbial pathogens, and nematodes. Furthermore, because Gigasporales are assigned to an 255 

edaphophilic guild (Hart & Reader, 2002), their members are known to be good nutrient mobilizers (Sikes 256 

et al., 2010). In contrast, based on inoculation tests of Allium vineale L. plants, Bever et al. (2009) described 257 

G. margarita as a non-beneficial AMF. In addition, previous studies have reported that Gigaspora species 258 

poorly help plant nutrient uptake and nearly affect plants like parasites, rather than improving their growth 259 

(Reynolds et al., 2005; Reynolds et al., 2006). It was also shown that G. margarita can procure benefits to 260 

host plants only when in complementarity with Claroideoglomus candidum (Furrazola, Kaonongbua, & 261 

Bever) Oehl, G.A. Silva & Sieverd dubbed a beneficial AMF (Steidinger, 2024). These controversies reside 262 

in the context-dependent nature of the benefits of the plant-AMF association (Frew, 2025). Furthermore, 263 

these findings are consistent with the assertions that mycorrhizal symbioses function along a mutualism-264 

parasitism continuum and thus can result in positive, neutral, and negative outcomes (Johnson et al., 1997; 265 

Merckx et al., 2024). We added that the origin could matter: the same species, if isolated from different 266 

environments, could induce different mycorrhizal growth responses. 267 

Host- and trait-dependent cohabitation of LFB-4 and LFB-A1 268 

We observed significant complementary and antagonistic effects of LFB-4 (G. rosea) and LFB-A1 269 

(G. margarita) on plant growth dependent on host and plant traits. Although it was not clear whether both 270 

species colonized every host plant simultaneously in the mixed treatment, the observed changes in plant 271 

performance between the single species and co-inoculation treatments determined that LFB-4 and LFB-A1 272 

co-colonized C. japonica and D. carota. We observed complementarity between LFB-4 and LFB-A1 in C. 273 

japonica for all measured plant properties. On the other hand, the cohabitation of LFB-4 and LFB-A1 was 274 

complementary to H and FWshoot but antagonistic to FWtaproot in D. carota. These plant responses support 275 
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previous studies describing AMF complementarity (Bunn et al., 2024; Jansa et al., 2008; Koide, 2000; 276 

Steidinger, 2024) and add that the role of each partner and the outcome of their complementarity depend 277 

on the host plant identity and plant trait. At the inoculation time, despite having emerged from seeds sown 278 

on the same day and grown under the same conditions, C. japonica seedlings already had different growth, 279 

and thus different H, and potentially different Lroot, S/Rfresh, FWplant, FWroot, and WCshoot due to differences 280 

between individuals. To avoid additional stress to plants during and after inoculation, only H was repeatedly 281 

measured from the day of inoculation to the end of the tests. The potential difference in the properties of 282 

the above-mentioned plant at the beginning of the inoculation assays potentially contributed to the 283 

statistically nonsignificant difference (p > 0.05) observed (1) between treated and untreated plants for 284 

FWplant and FWroot, and (2) between AMF for all the properties of the plants measured. Although the 285 

presence of AMF restricted root development in C. japonica seedlings and encouraged carbon release into 286 

the soil (significantly higher soil C content in inoculated pots than in controls), it increased shoot biomass 287 

production by increasing water content, inducing height growth and branching, which could be attributed to 288 

improved AMF-induced nutrient acquisition (Hodge & Storer, 2015). This attribution was supported by the 289 

correlations obtained between various variables, particularly FWshoot, DWshoot, WCshoot, and Lroot. However, 290 

as the seedlings grew bigger, roots of inoculated subjects developed longer, while those of controls 291 

developed wider, but without significant biomass differences. These results showed that at the early stage 292 

of the development of C. japonica seedlings, AMF-associated seedlings rely on extraradical hyphae to 293 

absorb water and nutrients rather than develop their roots. As a result, they grow faster than seedlings 294 

without AMF because the latter need to develop extensive root systems for water and nutrient uptake. As 295 

they grow larger, inoculated seedlings extend their root system, although they are still associated with AMF, 296 

because they need a strong foundation as a physical support for the tree to evolve. When the mycorrhizal 297 

growth response was analyzed by inoculation treatment, we found with a significant difference (p < 0.05) 298 

that the complementarity of LFB-4 and LFB-A1 resulted in the lowest Lroot, highest H, S/Rfresh and WCshoot. 299 

In the absence of a significant difference (p > 0.05), biomass production (FWplant and DWshoot) was the 300 

highest with LFB-A1, and LFB-4 contributed more to plant elongation (growth in H) than LFB-A1. However, 301 

in D. carota, the application of isolate LFB-4 resulted in the highest FWtaproot and FWshoot while the 302 

complementary effects of LFB-4 and LFB-A1 were the most positive for H. From the above, it can be said 303 
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that different AMF colonizing the same root system contribute to the fitness of their host plants differently 304 

and in host and plant trait-specific ways. Thus, our data support the claim that the actual realized effects in 305 

plant-AMF associations are likely a composite of complementary and competitive effects (Steidinger, 2024). 306 

Root colonization assessed by microscopy and environmental metabarcoding may 307 

overlook AMF functions 308 

eDNA remains the most common method for estimating AMF diversity in soils and roots of host 309 

plants. With this approach, the co-occurrence patterns of AMF hint at their potential cohabitation traits within 310 

the roots and surrounding soils of their host plants (Djotan et al., 2023, 2024a, 2024b, 2025), raising multiple 311 

questions related to their basic life strategies, which remain largely unanswered (Hart et al., 2015). 312 

Meanwhile, the relationship between DNA counts and AMF functions is poorly understood, particularly 313 

when PCR is used. Metabarcoding can detect some taxa, while others are overlooked because of primer-314 

based amplification (Hart et al., 2015; Krüger et al., 2009; Lee et al., 2008; Lekberg et al., 2018; Schlaeppi 315 

et al., 2016). In this situation, it is unclear whether taxa whose DNA is abundantly detected in the roots are 316 

beneficial to the host plant. For example, DNA from Glomeraceae AMF, particularly Dominikia, 317 

Rhizophagus, and Glomus, is generally abundantly detected in the roots of C. japonica and surrounding 318 

soils (Djotan, 2024), which is also the case in many studies tackling other host plant species, but we do not 319 

know how beneficial the corresponding AMF are to the host plant. For example, although DNA from 320 

Gigaspora spp. is always detected in very small relative abundances or is not detected at all in C. japonica 321 

roots, inoculation of  C. japonica seedlings with G. rosea (LFB-4) and G. margarita (LFB-A1) resulted in a 322 

positive symbiont-dependent mycorrhizal growth response in the plant along with a complementary 323 

interaction between the two AMF species. Meanwhile, inoculation with  rhizophilic Glomeraceae AMF, such 324 

as Rhizophagus and Glomus obtained from NARO, did not (Online Resource 7). Therefore, the colonization 325 

rate and DNA abundance do not necessarily matter, and we need to collect AMF from forest ecosystems 326 

and characterize them as living organisms rather than just plant symbionts. 327 

In conclusion, despite erratic root colonization, AMF isolates LFB-4 (G. rosea) and LFB-A1 (G. 328 

margarita) worked synergistically to improve the growth of C. japonica seedlings by modulating root 329 

development, likely for carbon acquisition. Therefore, G. rosea and G. margarita from forest ecosystems 330 
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are beneficial AMF, suggesting that their origins are important. Root colonization evaluated by microscopy 331 

and metabarcoding may overlook AMF functions. 332 
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