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11  Abstract: Microbes strongly affect invasive plant growth. Interactions between soil
12  microbes and invasive plants have received widespread attention; however, it remains
13  to be determined how phyllosphere and rhizosphere soil microbes affect seedling
14  mortality and the growth of invasive plants across ontogeny under varying soil nutrition
15  levels. In this study, we used the invader Ageratina adenophora to evaluate these effects
16  inplant growth chambers. We found that leaf litter harboured more potential pathogens
17  and thus had more adverse effects on seed germination and seedling survival than soil
18  inoculation. Microbial inoculation at different growth stages altered the microbial
19  community and functions enriched in seedlings, and earlier inoculation had a more
20 adverse effect on seedling survival and growth. In most cases, the soil nutrient level did
21 not affect microbe-mediated seedling growth and the relative abundance of the
22  microbial community and functions involved in seedling growth. Some microbial
23  genera have distinct effects on seedling survival from those on growth. Moreover,
24 fungal strains isolated from dead seedlings inoculated with litter exhibited significant
25  phylogenetic signals to seedling mortality, in which strains of A/lophoma and Alternaria
26  caused high seedling mortality. Our study stresses the essential role of 4. adenophora

27  litter microbes in population establishment by regulating seedling density and growth.
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28 Introduction

29 Plant-modified soil properties in turn affect the performance of plants, which are
30 termed ‘plant—soil feedbacks (PSFs)’. PSFs can affect species coexistence (Bever et al.,
31  1997; van der Putten et al., 2013) and local plant community composition and dynamics
32  (Bauer et al., 2017; Kardol et al., 2007; Teste et al., 2017). For plant invasion, PSFs
33  have positive effects by escaping soil pathogens and recruiting some beneficial
34  microbes (Liu et al., 2023; Mitchell & Power, 2003; Xu et al., 2012) or negative effects
35 by accumulating local pathogens (Callaway et al., 2013; Flory & Clay, 2013; Zhang et
36 al., 2020).

37 Similar to soil, leaf litter could also affect plant growth, species diversity and
38  community structure (Liu et al., 2017; Ma et al., 2020; Olson & Wallander, 2002), thus
39 playing important roles in population establishment and community dynamics (Jessen
40 et al, 2023; Lamb, 2008; Xiong & Nilsson, 1999). However, related research has
41  focused mainly on physical (e.g., maintaining soil moisture and temperature, increasing
42  nutrition and reducing light) or chemical effects (e.g., releasing allelochemicals)
43  (Demey etal., 2013; Jessen et al., 2023; Mohler et al., 2018; Zhang et al., 2017) but has
44  rarely focused on leaf microbial effects. Until 2017, Whitaker et al. (2017) extended the
45  PSF to aboveground tissues (including leaf, stem and floral tissues), termed “plant—
46  phyllosphere feedbacks (PPFs)”, and found that all four Asteraceae species experienced
47  stronger negative PPFs than PSFs. Subsequently, this team further verified that all ten
48  tested Asteraceae plants experienced negative PPFs (Zaret et al., 2021). The lack of
49  strong mutualists and relatively high abundance of pathogens in the phyllosphere may
50 account for the negative PPFs.

51 In addition to microbial sources (i.e., soil vs leaf litter), ontogeny (seedling growth
52  stage) and soil nutrient levels could affect plant-microbe interactions. For example,
53  seedlings showed distinct sensitivity over the growth stage, and younger seedlings were
54  more susceptible to infection by a single soil microbe because of fewer defense

55  resources (Geisen etal.,2021; Jevon et al., 2020). Interestingly, leaf litter has an adverse
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56  effect on seedling emergence but a positive effect on later plant growth (Abbas et al.,
57  2023; Mohler et al., 2021; Zhang et al., 2022); litter also has a stronger negative effect
58  on earlier vegetation growth than the elder (Loydi et al., 2013; Wang et al., 2022; Xiong
59 & Nilsson, 1999). Moreover, plants enrich distinct microbes under different nutrient
60  conditions and affect plant performance (Dostal, 2021; Gustafson & Casper, 2004;
61  Widdig et al., 2020). For example, the bacterial diversity in duckweed plants was
62  reduced under nutrient—deficient conditions, but the abundance of Firmicutes increased
63  (Bunyoo et al., 2022), and members of Firmicutes have been reported to promote plant
64  stress tolerance (Xu et al., 2018). Ai et al. (2018) reported that nutrient additions caused
65  crops to enrich some bacteria and fungi from soil and increase yield.

66 Ageratina adenophora (Sprengel) R.M. King & H. Robinson (Asteraceae), known
67 as Crofton weed or Mexican devil weed, has invaded more than 30 countries and areas,
68 including South Africa, Australia, New Zealand, Hawaii, India and China (Gu et al.,
69  2021; Julien & Griffiths, 1998). It is a perennial weed and can produce high yields of
70  seeds with a high germination rate (Lu et al., 2006; Parsons WT, 2001). This weed
71  commonly grows in monoculture, but a high density of seedlings is not common in the
72 wild. Previous studies have shown that 4. adenophora can enrich the beneficial soil
73  microbial community to facilitate its invasion (Niu et al., 2007; Zhao et al., 2019); in
74  contrast, A. adenophora leaves harbor diverse fungal pathogens that can cause adverse
75  effects on itself seed germination and growth (Kai Fang et al., 2019; K. Fang et al.,
76 2021). Thus, it is interesting to ask whether leaf microbes play a distinct role from soil
77  microbes in regulating A. adenophora seedling density and whether these effects
78  change with the 4. adenophora growth stage and soil nutrition level.

79 In this study, we inoculated A. adenophora with soil or leaf litter at three stages, 0
80 d, 21 d, and 28 d after sowing, and transplanted seedlings to grow in soils with high or
81  low nutrition levels. We first determined the germination, seedling survival and growth
82 of the A. Adenophora plants. Then, we characterized the bacterial and fungal

83  communities of the soils and leaf litter as inoculation sources, as well as the microbial
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84  communities enriched in the leaves and roots of the A. adenophora seedlings after
85  growing; we also isolated the fungi associated with the dead seedlings and tested their
86  mortality to seedlings. Finally, we correlated the microbial community with A.
87  adenophora seedling mortality and growth.

88 We hypothesized that the microbial community associated with leaf litter and
89  rhizosphere soils can account for the differential effects on 4. adenophora seedling
90  mortality and growth over growth stages when growing under different nutrition levels.
91  We expected that 1) leaf litter would have more adverse effects on seed germination,
92  seedling survival and growth than soil, as leaf litter often harbours more plant pathogens,
93 and 2) inoculation at different growth stages would change the microbial community
94  enriched by seedlings and thus affect seedling growth. Earlier inoculation has a more
95 adverse impact on seedling growth than later inoculation, as younger seedlings were
96 more sensitive to pathogen infection than older seedlings. 3) The nutrition level

97  influences seedlings to recruit the microbial community and thus affects seedling

98  growth.
99  Results
100 Leaf litter and rhizosphere soils had differential effects on seedling mortality

101  and growth of A. adenophora over growth stages when grown under different

102  nutrition levels

103 When inoculated during the GO period, the leaves significantly delayed
104  germination time more than soil; relatively, the sterile leaves caused a longer
105  germination time than non-sterile leaves (Fig. 1a, both P < 0.05). Leaf and soil had no
106  distinct effects on the germination rate (Fig. 1b, P > 0.05). In addition, inoculation of
107  sterile and non-sterile leaves at GO caused a high death rate (19.7% vs 96.7%) for
108  seedlings growing in petri dishes (Fig. 1c, Fig. S1). Only non-sterile leaves caused low
109  seedling death (8.4%) when the seedlings were inoculated at G21 (Fig. 1¢). Two weeks

110  after transplanting these seedlings into cups, those seedlings treated by leaf inoculation,
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111  non-sterile sample inoculation, and inoculation at an earlier stage died more than those
112  treated by soil inoculation, sterile sample inoculation, and inoculation at a later stage.
113  Moreover, seedlings grown in high-nutrient soil died more than those grown in low-
114  nutrient soil. (Fig. 1d-f, Fig. S2a). Specifically, the interaction between feedback and
115  microbe or inoculation time treatments but not nutrition level significantly affected the
116  seedling death rate, where inoculation with only non-sterile litter at an earlier stage
117  caused a higher death rate than inoculation at a later stage, regardless of whether the

118  seedlings were grown at a high or low soil nutrient level (all P < 0.05, Fig. S2a,b).
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120 Figure 1. Seed germination and seedling survival of A. adenophora. Seed germination time and rate
121 after inoculation of soil or leaves in the GO period (a-b) and seedling death rate after inoculation of soil
122 or leaves in the GO and G21 periods and subsequent growth in Petri dishes (c). Seedling death rate after
123 two weeks when seedlings were transplanted into soil under different feedback conditions (d), under
124 sterile or non-sterile inoculation (e), at different nutrient levels (f) and at different inoculation time
125 treatments(g) based on all the treatments. Ss: sterile soil; Sns: non-sterile soil; Ls: sterile leaf; Lns: non—
126  sterile leaf; GO, inoculated on the day of germination; G21, inoculated on the 21st day after germination;
127 G28, inoculated on the 28th day after germination; G21+28, inoculated on both the 21st and 28th days

128  after germination. * P < 0.05, *** P < 0.001. Error bars depict the standard error.
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129 With the exception of nutrient level, feedback and inoculation time, as well as their
130 interaction with nutrient level, significantly affected the microbial role in the total dry
131  biomass of A. adenophora (P < 0.05, Fig. 2a-c, S3a). Leaf microbes were significantly
132 more positive for A. adenophora growth than soil microbes (P < 0.0001, Fig. 2a). The
133 nutrient level did not change the intensity of microbe-mediated seedling growth (P =
134 0.068, Fig. 2b). Moreover, microbes had a significantly negative effect on A.
135  adenophora growth at GO inoculation but had a positive effect at the other three
136  inoculation time (P < 0.0001, Fig. 2¢). Microbial effects on seedling biomass interact
137  with soil nutrient level and inoculation period: when inoculated at G21 period, both soil
138  and leaf inoculation showed a more positive effect under high nutrition than under low
139  nutrition; when inoculated at G21+28 period, leaf inoculation produced a more positive
140  effect under low nutrition than under high nutrition but soil inoculation was a contrast

141  effect (Fig. S3a,b).
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143 Figure 2. Effects of feedback (a), nutrient level (b), and inoculation time (c) on the microbial role
144  in A. adenophora growth based on total dry weight. For the abbreviations G0, G21, G28, and G21+28,
145 see Fig. 1. Error bars depict the standard error. The asterisks indicate that the RI is significantly different
146 from zero. Different lowercases represent significant differences among the different inoculation time

147  treatments.
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148 The microbial community composition and potential functions associated
149  with leaf and soil inocula explained distinct seedling mortality patterns at the early

150  stage

151 The soil and leaf inocula had distinct microbial diversity, community compositions
152  and potential functions (Figs. 3,4). The microbial diversity and richness were greater in
153  the soils than in the leaf litter (Fig. 3a-c). The bacteria Actinobacteriota and
154  Acidobacteriota and the fungi Zygomycota had higher relative abundances in the soil
155  than in the litter, while the abundance of Proteobacteria was greater in the litter than in
156  the soil (Fig. 3d,e). The relative abundance of the top 30 genera also differed between

157  the soil and litter (Fig. 4a,f).

(a) ok (b) * (c) xx
5., ,—\ , 2000 i 509 v
E T Zase0 Zo0s8 =
g [ = 2
2. s S 1000 '0.7
2 " S 500 Z06 :
= § . £0.6 I
i 05—
AAL AAS AAL AAS AAL AAS AAL AAS AAL AAS AAL AAS
Fungal  Bacterial Fungal  Bacterial Fungal  Bacterial
“:ln . Others 100 . Others
() Chloroflexi # (e) Kickxellomycota
5 || Firmicutes # 75 Mucoromycota
=\; Methylomirabilota # Olpidiomycota
E 50 Verrucomicrobiota [ | Rozellomycota
K| = 50 §
E . Planctomycetota & ! Chytridiomycota 4
= Myxococcota Zygomycota %
= L L | % )
% 25 Bacteroidota 25 || Glomeromycota
E . Actinobacteriota # Fungi_unclassified
0 Acidobacteriota ¥ Basidiomycota
15 8 AAL AAS Proteobacteria # AAL AAS . Ascomycota

159  Figure 3 Microbial diversity and community composition at the phylum level in the inocula AAS
160 and AAL. Fungal and bacterial Shannon, Chao 1 and Pielou_e indices of AAS and AAL (a-c). Relative
161 abundances of bacterial (d) and fungal phyla (e) in the AAS and AAL. AAS: A. adenophora rhizosphere
162 soil inoculum, AAL: A. adenophora litter inoculum. Brown stars represent significantly greater relative
163 abundances in the AAS than in the AAL, green stars represent significantly greater relative abundances
164  inthe AAL than in the AAS, P < 0.05 at least.

165 We further correlated the microbial genera and potential functions of leaf and soil
166  inocula with seedling mortality in response to inoculation with non-sterile inocula at

167  GO. The abundances of both the soil and leaf microbial genera were related to the
7
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168  seedling death rate (DR) but not to the germination time (GT) or germination rate (GR)
169  (Fig. 4a,f). Specifically, the leaf core bacterial genera Pseudomonas, Sphingomonas,
170  Massilia, Variovorax, Aureimonas, and Agrobacterium were positively correlated with
171 DR, but the soil core bacteria, including Alphaproteobacteria unclassified,
172  Rhodoplanes, Vicinamibacteraceae unclassified, and Pedomicrobium, were negatively
173  correlated with DR (Fig. 4a-c). Plant bacterial pathogens (2.29%) were the potential
174  function of the core bacterial taxa in leaves but not in soil; soil had a greater abundance
175  ofnitrogen circle-related function (50.98%) than leaves (17.55%) (Fig. 4d,e, Table S1-
176  2). The leaf core fungal genera Didymella, Pleosporales unclassified, Subplenodomus,
177  and Bulleromyces were positively correlated with DR, but the soil core fungal genera
178  Mortierella, Hypocrea, Pochonia and Volutella were negatively correlated with DR (Fig.
179  4f-h). The abundance of plant fungal pathogens was greater in leaves (68.20%) than in
180  soil (33.93%), while Ecotomycorrhizal was found only in soil (16.33%) (Fig. 41,j, Table
181  S3-4).
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Figure 4. Microbial community composition and potential functional differences between leaf litter
(AAL) and rhizosphere soil (AAS). Correlations between the top 30 bacterial (a) and fungal (f) genera
and germination time (GT), germination rate (GR) and death rate (DR). Core bacteria (b-c) and fungi (g-
h) in AAS and AAL. The potential functions of core bacteria (d-e) and fungi (i-j) in AAS and AAL. Only
the top 10 core taxa and potential functional groups are shown in the figures. The “un” in the figures is
the abbreviation for “unclassified”, and the MM is Methylobacterium-Methylorubrum. Red and blue
represent negative and positive Spearman’s coefficients, respectively. * P < 0.05, ** P <0.01, *** p <
0.001. Different lowercase letters in the heatmap represent significant differences in relative abundance
between AAS and AAL (P < 0.05). Several bacterial functions classified as N circles related to AAL and

AAS are shown in Table S1-2. Several fungal guilds were classified as plant pathogen-related guilds in
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193  the AAL and AAS (see Tables S3-4).

194 We obtained 192 cultivable fungal isolates from 40 dead seedlings, with an average
195  of 4.825 isolates per dead seedling (Fig. 5b). Based on the ITS genes of the
196  representative strains (Table S5), they were divided into 7 families. The dominant
197  family was Didymellaceae (relative abundance = 66.15%), and the numerically
198  dominant genera were Allophoma (50.52%), Alternaria (26.04%) and Epicoccum
199  (5.73%) (Fig. 5a, Table S5). The seedling mortality of these strains exhibited a
200  significant phylogenetic signal (Pagel's A = 0.82, P = 0.0002). Overall, numerically
201  dominant Allophoma (Didymellaceae) and Alternaria (Pleosporaceae) showed high

202  seedling mortality (death rate: 54% — 100%) (Fig. 5c, Fig. S4).
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204 Figure 5. Cultivable fungi associated with dead A. adenophora seedlings and their mortality to
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205 seedlings. Cultivable fungal community composition at the genus level (a). Isolation frequency from one

206 dead seedling (b). Death rate of 33 fungal strains to seedlings and their phylogenetic signal (c).

207 Different feedback, inoculation time, nutrient level and plant compartment
208  affected the seedling bacterial and fungal communities and functional assembly

209  and growth.

210 The NMDS and PERMANOVA revealed that all four factors significantly affected
211 the bacterial community and functional assembly in seedlings, and the greatest effect
212 was inoculation time and compartment (all P < 0.05, R%: 0.102 — 0.138), followed by
213 feedback and nutrition (all P < 0.05, R%: 0.024 — 0.082, Fig. 6a,b,e,f). Additionally,
214 compartment, feedback and inoculation time significantly affected the fungal
215 community and functional assembly (all P < 0.05, R*: 0.054 — 0.102), but nutrition

216 affected only the fungal community (P = 0.001, R?= 0.031) (Fig. 6¢,d,g,h). Further

217 analysis for each inoculation time treatment showed that compartment and feedback
218 mainly affected the microbial community and functional assembly and explained a
219 greater proportion of the variation in bacteria than in fungi and in function than in the
220 community. The nutrient level mainly affected the bacterial community at certain

221 inoculation time (P < 0.05 for GO, G21 and G28, Fig. 61-1, Fig. S5, Table S6-7).
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223 Figure 6. Bacterial and fungal communities and functions enrichment in A. adenophora seedlings
224  under different treatments. Nonmetric multidimensional scaling (NMDS) ordinations of Bray—Curtis
225 dissimilarity matrices with permutational analysis of variance (PERMANOVA) of bacterial and fungal
226 communities and function (a-h). Contribution of compartment, feedback and nutrient level to the
227 variation in bacterial and fungal communities and function at each inoculation time based on
228  PERMANOVA (i-l). * P <0.05, ** P<0.01, *** P<0.001. In the figures, F and S represent foliage and
229 soil feedback; L and R represent leaves and roots for different compartments; and H and L represent high
230  and low nutrient levels, respectively.

231 We further analysed the correlation between microbial abundance and putative

232  functions enriched by seedlings and seedling growth (RI). We identified 47 root
12
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233  endophytic genera that were significantly correlated with A. adenophora growth.
234  Among them, seven negative genera were less abundant in seedlings treated by litter
235  inoculation than in those treated by soil inoculation but were similar in abundance in
236  seedlings treated by different inoculation time, and in seedlings grown at different
237  nutrient levels. In contrast, forty positive genera, e.g., the fungi Duganella and
238  Mortierella and the bacteria Massilia, Pseudomonas, and Sphingomonas, were more
239  abundant in seedlings treated by litter inoculation than by soil inoculation but lower
240  abundance in seedlings inoculated at GO than at the other three inoculation times (Fig.
241  7a). Eighteen leaf endophytic genera with significant correlation with RI were identified,
242  of which three negative genera, including bacteria Tardiphaga, Brevundimonas and
243  fungi Microsphaera, were more abundant in seedlings inoculated at GO than at other
244 three inoculation times and slightly higher in seedlings treated by soil inoculation than
245  litter inoculation; in contrast, fifteen positive genera, e.g., fungi Hypocrea,
246  Pleosporales_unclassified, were more abundant in seedlings by litter inoculation than
247 by soil inoculation, and higher in seedlings inoculated at G21 than three inoculation
248  time treatment (Fig. 7b).

249 We identified several bacterial functions in the roots and fungal function guilds
250  enriched in the roots and leaves of 4. adenophora seedlings that were significantly
251  correlated with the RI (Fig. 7c-e). Two bacterial functions involved in the N cycle
252  (nitrate ammonification and nitrite ammonification) in roots showed a significantly
253  positive correlation with the RI (Fig. 7¢). The fungal guild Ectomycorrhizal showed a
254  significantly positive correlation. Unexpectedly, the putative Plant Pathogen guild
255  showed a significantly positive correlation with seedling growth, while the Arbuscular
256  Mycorrhizal guild showed a negative correlation (Fig. 7d,e). Those positive bacterial
257  functions in roots and fungal guilds in leaves had greater relative abundances in the
258  seedlings after litter inoculation than after soil inoculation (Fig. 7c,e); additionally, the
259  positive fungal guilds in roots and leaves had significantly greater abundances in the

260  seedlings of G21 than in those of the other three inoculation time points. Surprisingly,
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there was no difference in the relative abundance of microbes or functions involved in

seedling growth under different nutrient levels (Fig 7a-e).
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Figure 7. Correlations between the enriched microbial community, functions and seedling growth

These genera accounted for more than 1% of the total relative abundance in seedling roots or leaves. (a)

Correlations between 47 out of 214 genera enriched in roots with RI (left) and the relative abundances

of genera under different treatments, i.e., different feedbacks, inoculation time and nutrient levels (right).

(b) Correlations between 18 out of 184 genera enriched in leaves with RI (left) and the relative

abundances of genera under different treatments (right). (c) Correlations between putative bacterial

functions enriched in roots with RI (left) and the relative abundances of functions with negative and

positive effects under different treatments (right). (d) Correlations between fungal guilds enriched in

roots with RI (left) and the relative abundances of guilds with negative and positive effects under different

treatments. (e) Correlations between fungal guilds in leaves with RI (left) and the relative abundances of

guilds with positive effects under different treatments (right). No bacterial functions in the leaves showed

a significant correlation with seedling growth. “F

represents fungal genera, “B_”

represents bacterial

genera, “un” represents unclassified; H: RI of seedling height; AD: RI of aboveground dry biomass; UD:
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277 RI of underground dry biomass; TD: RI of total dry biomass. Red and blue represent negative and positive
278  Spearman’s coefficients, respectively. * P <0.05, ** P<0.01, *** P < 0.001. For abbreviations of fungal

279  function guilds, please see Table S8.

280

281  Discussion

282 Leaf litter microbes had more adverse effects on A. adenophora seed

283  germination and seedling survival than soil microbes

284 Supporting our first expectation, leaf litter had more adverse effects on seed
285  germination and seedling survival than soil (Fig. 1). Leaf litter has been previously
286  reported to have adverse effects on seedling emergence and population establishment
287  (Abbas et al., 2023; Mohler et al., 2021; Zhang et al., 2022) by reducing light and
288  physical barriers and releasing allelochemicals (Abbas et al., 2023; Gross, 1984;
289  Mdhleretal., 2018; Zhang et al., 2019). Although our data also indicated that leaf litter
290  can produce allelochemicals to delay seed germination time because sterile leaves cause
291  longer germination time than non-sterile leaves, our study emphasized the adverse
292  microbial role of leaf litter in seedling mortality (Fig. 1). Indeed, we found that leaf
293  litter harbored more abundant bacterial and fungal genera associated with seedling
294  mortality, as well as a greater proportion of plant pathogens than soil (Fig. 4). The
295  results implied that litter harboured many plant pathogens and thus played an essential
296  role in mediating A. adenophora population density by killing conspecific seedlings.

297 These findings provide novel insights for understanding plant invasion. Invasive
298  plants are commonly characterized by ruderal species, with rapid growth and a high
299  yield of seeds (Baker, 1974; Parsons WT, 2001; Zheng et al., 2009). These traits are
300  beneficial for rapid population establishment and range expansion at newly invaded
301 sites. However, these invasive plant species commonly form high-density monocultures
302  once the population is established, e.g., 4. adenophora. In such a situation, high-density

303  seedlings may exacerbate intraspecific competition. Self-limiting of the population
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304  elicited by leaf microbes may in turn help A. adenophora maintain monocultures at
305  established sites. Thus, it is highly interesting to determine whether leaf microbe-
306  mediated self-limitation at an early life stage is common and important in other invasive

307  systems.

308 Peripheral microbial sources produce more adverse effects on seedling
309  survival and growth when inoculated at the early growth stage than at the later

310  stage

311 Supporting our second expectation, inoculation time significantly affected
312  seedling survival and growth; in particular, seedling mortality was higher and seedlings
313  grew more adversely when inoculated at GO than at later growth stage (Fig. 1c,g, Fig.
314  2c). The plant growth stage could change the impact of plant host-associated microbes,
315  and such an impact is always strongest in early plant growth stages (Bagchi et al., 2014;
316  Jevon et al., 2020). One potential reason is that small seedlings usually allocate most of
317  their resources to survive and grow, while older seedlings have relatively more
318 resources to defend against pathogen infection (Geisen et al., 2021; Schloter &
319  Matyssek, 2009). For example, smaller seedlings were more sensitive to inoculated
320  individual fungi, soil microbiota or litter addition than older seedlings due to fewer
321  defense resources and little chance of recovering from biomass loss (Geisen et al., 2021;
322  Jevon et al., 2020; Zhang et al., 2022). Another possible reason is related to the
323 interaction between seed-borne microbes and peripheral microbial sources in young
324  seedlings. There is evidence that seed—borne endophytes are likely to be beneficial for
325  seedling growth and stress resistance (Herrera et al., 2016; Wang & Zhang, 2023).
326  These seed endophytes might be inhibited or even excluded from young seedlings by
327  external sources of microbes inoculated at GO, when seedlings are highly sensitive to
328  inoculated microbes (Geisen et al., 2021; Jevon et al., 2020). Therefore, it is very
329  valuable to determine how peripheral microbial sources interact with seed—borne
330 endophytes in seedlings across ontogeny.

331 We did not observe an adverse effect of leaf litter microbes on A. adenophora
16
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332 growth, as observed previously by Kai Fang et al. (2019), who inoculated A.
333  adenophora at GO (sowing seeds) because all seedlings by leaf litter inoculation at GO
334  died after transplantation into soils in this study. In contrast, both the microbial
335  community and function were significantly positively correlated with seedling growth
336  and had a greater relative abundance in seedlings inoculated with leaf litter than in those
337  inoculated with soil, while those with a negative correlation showed the opposite trend
338  (Fig. 7). This fact suggested that leaf litter microbes might have a more positive effect
339 onA. adenophora growth than soil microbes if inoculated during the latter growth stage
340  (Fig. 2a). Interestingly, we found that N circle-related bacterial functions in seedling
341  roots were positively correlated with seedling growth (Fig. 7c). Similarly, Zhao et al.
342  (2019) showed that A. adenophora invasion increased N circle-related bacterial
343  functional genes in soil and subsequently directly promoted plant growth and invasion.
344 K. Fangetal. (2019) also reported that several root endophytic nitrogen—fixing bacteria
345  of A. adenophora could significantly promote its growth. Interestingly, the abundance
346  of these N circle-related bacterial functions was greater in seedling roots inoculated
347  with leaf litter than in those inoculated with soil (Fig. 7¢), which suggests a possible
348  way in which some N circle-related bacteria associated with leaf litter may migrate

349 from leaves into roots after leaf litter inoculation.

350 Nutrient levels affect seedling mortality but not microbe-mediated A.

351  adenophora growth

352 Nutrient addition could promote more severe invasion, as invasive plants often
353  have higher performance under high nutrition than native plants. (Shan et al., 2023;
354  Slate et al., 2022). However, it is unclear whether such an advantage involved in a
355  changed microbial community-driven host growth effect. We also found that 4.
356  adenophora grew bigger and more rapidly in the high-nutrient treatment than in the
357  low-nutrient treatment (Fig. S7); moreover, the nutrient level significantly changed the
358  microbial community and bacterial function (Fig. 6). However, in contrast to our third

359  expectation, nutrient level negligently affected microbe-mediated 4. adenophora
17
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360  growth, and the relative abundance of microbes and functions involved in seedling
361  growth (Fig. 2b,7a-e). Previously, Ai et al. (2018) reported that nutrient additions cause
362  crops to enrich some bacteria and fungi from soil and increase yield; however, there is
363  no evidence that the increased yield effect is due to enriched microbial communities.
364  Our data indicated that the invasion advantage driven by high nutrient availability may
365  be driven primarily by plant physiological traits, such as rapid nutrient absorption and
366  growth strategies, rather than by enriched microbes. Alternatively, it is possible that our
367  delayed harvest of seedlings under low nutrition level may cover the distinct microbial
368  role in seedling growth between the two nutrient levels (see Method).

369 However, there was an interaction effect between nutrient level and inoculation
370  period (Fig. S3). For example, high nutrient level resulted in a more significant positive
371  microbial effect on seedling growth than low nutrient level when inoculated at G21,
372  regardless of leaf litter or soil inoculation. It is unclear whether, during the first 21 days
373  before inoculation, more beneficial seed endophytes are enriched to produce a more
374  positive effect on seedling growth under high-nutrition conditions than under low-
375 nutrition conditions, as seed endophytes can facilitate nutrient acquisition and
376  subsequently promote plant growth (Khalaf & Raizada, 2016; Sanchez-Lopez et al.,
377  2018; Shao et al., 2021). Nonetheless, seedlings grown in high-nutrient soil had greater
378  mortality than those grown in low-nutrient soil (Fig. 1f). Similarly, Jessen et al. (2023)
379  alsoreported that fertilization, independent of litter removal, significantly decreased the
380  total number and richness of seedlings, likely because higher ammonium levels in
381  fertilized plots could create a toxic environment for seedlings (Britto & Kronzucker,

382 2002).

383 The same microbial genera have distinct effects on A. adenophora seedling

384  survival versus growth

385 Correlation analysis of the microbial community and function with seedling
386  survival and growth revealed several genera with distinct effects on seedling survival

387  versus growth. For example, the bacterial genera Pseudomonas, Sphingomonas and
18
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388  Massilia are adverse to seedling survival but beneficial for later seedling growth (Figs.
389  4,7). Many strains belonging to these genera have been reported to promote the growth
390 of many plant species (Jimenez et al., 2020; Luo et al., 2019; Qiao et al., 2019),
391 including A. adenophora (Chen et al., 2019; K. Fang et al., 2019), because they are
392  commonly involved in N> fixation (Albino et al., 2006). However, some microbes, e.g.,
393 the fungi Mortierella and Hypocrea, were consistently beneficial to A. adenophora by
394  reducing early seedling mortality and promoting later seedling growth (Figs. 4,7). These
395  fungi, as plant growth-promoting fungi (PGPFs), have been widely reported (Contreras-
396 Cornejo et al., 2009; Ozimek & Hanaka, 2021; Wani et al., 2017). These findings
397  suggested that microbial interactions are highly complicated during the early life stage
398  of A. adeonophora. On the one hand, there may be sequential effects for some plant
399  growth-promoting microbial groups. For example, bacteria Massilia, Pseudomonas and
400  Sphingomonas may negatively affect seedling growth and even kill seedlings if the
401 arrival time is too early after germination. On the other hand, such distinct effects of
402  these bacterial groups on seedling survival versus growth may result from different
403  species from the same genus or even from genetically distinct strains from one species.
404  Interestingly, we found that most Pseudomonas and Sphingomonas ASVs enriched in
405  seedlings (>80%) had no share with the inoculum sources. This suggested that most of
406  the bacterial ASVs with beneficial growth effects were from seeds rather than from the
407  inocula (Fig. S9).

408 Surprisingly, related plant pathogen guilds showed a positive correlation with 4.
409  adenophora seedling growth (Fig. 7). Because these putative plant pathogens were
410  classified as plant pathogens based on the current database, it remains to be determined
411  whether such putative plant pathogens for most native plant species are not detrimental
412  toinvader A. adenophora growth. Indeed, the pathogenicity of plant pathogens is often
413  dependent on host plant identity, and it could switch from a beneficial endophyte to a

414  pathogen or vice versa among host plant species (Delaye et al., 2013; Tian et al., 2020).
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415 Seedling-killing microbes are those associated with leaf litter

416 We found that most seedling-killing microbes isolated from dead seedlings were
417 previously reported as leaf spot pathogens. For example, Alfernaria (Pleosporaceae)
418 and several genera belonging to the family Didymellaceae, such as Allophoma,

419 Stagonosporopsis, Didymella, Boeremia, and Epicoccum, showed high seedling
420 mortality (Fig. 5). Alternaria sp. is often pathogenic to a large variety of plants, such
421 as stem cancer, leaf blight or leaf spot (Leiminger et al., 2015; Thomma, 2003; Vergnes
422 et al., 2006), and members of Allophoma have also been reported as pathogens for
423 dieback (Babaahmadi et al., 2018) and leaf spot (Garibaldi et al., 2012). All these fungi
424 are leaf spot pathogens of 4. adenophora and its neighboring native plant (Chen et al.,
425 2022; Kai Fang et al., 2021). In particular, the numerically dominant Allophoma
426 strains obtained in this study had the same ITS genes as the leaf endophyte and leaf
427 spot pathogen Allophoma associated with A. adenophora (Chen et al., 2022; Kai Fang
428 et al., 2021; Yang et al., 2023). Recently, these strains were identified as the novel
429 species Mesophoma speciosa (Chen et al., 2022; Yang et al., 2023). We did not isolate
430 fungi from healthy seedlings in this study. However, a previous report revealed that
431 the dominant genera in healthy seedlings inoculated with leaf litter were Didymella
432 and Alternaria (Kai Fang et al., 2019). Based on these results, these fungal genera

433 likely exist in A. adenophora by a lifestyle switch from endophytic to pathogenic. The

434 virulence of these strains for seedling survival under certain conditions may play an
435 essential role in limiting the population density of A. adenophora monocultures.

436 Implications for developing biocontrol for A. adenophora invasion

437 Our data also have implications for the development of biocontrol agents for 4.

438  adenophora invasion. Currently, several leaf spot fungi, such as the leaf spot fungus
439  Phaeoramularia sp., which is released against 4. adenophora (Kluge, 1991); the white
440  smut fungus Entyloma ageratinae against A. riparia (Barton et al., 2007); the rust

441  fungus Uromycladium tepperianum against the weed Acacia saligna (Wood, 2012); and
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442  the rust fungus Puccinia spegazzinii against Mikania micrantha (Day & Riding, 2019),
443  have been used as biological agents for the control of plant invasion. These agents
444 mainly control weeds by damaging the leaves, stems, and petioles and reducing growth
445  rates, flowering, percentage cover and population density. In this study, the strains
446  associated with leaf litter, such as Allophoma sp. and Alternaria sp., caused high
447  seedling mortality and thus could control A. adenophora invasion at the seedling
448  establishment stage. On the other hand, we found that an external source of microbes
449  had a greater adverse effect on seedling survival and growth when inoculated at GO than
450  at the later growth stage. Therefore, prevention and control measures by microbial
451  agents taken at the early seedling stage of invasive plants may be more effective than
452  at the mature stage.

453
454  Materials and Methods
455 Sample collection and preparation

456 All seeds, rhizosphere soil (AAS) and leaf litter (AAL) of A. adenophora were
457  collected from Xishan Forest Park, Kunming city, Yunnan Province (25°55'34"N;
458  102°38'30"E, 1890 m), on 9™ April 2022. We collected dead leaves (litters) from the
459  stems as inoculated leaves to avoid contamination by soil microbes; moreover, dead
460 leaves could better represent litter in natural systems than fresh leaves. All leaf litter
461  and soil samples were collected from five A. adenophora populations ~200 m away
462  from each other and treated as independent biological replicates. These A. adenophora
463  plants grow in monoculture for more than 10 years, thus their rhizosphere soils and
464  litters were used in our feedback experiment rather than via a typical two-phase
465  approach (the first conditioning phase vs the second testing phase) (Brinkman et al.,
466  2010). The collected soil and litter samples were naturally dried in a clean room and
467  weighed. The soil was ground to a 2 mm sieve before weighing. For convenience in the

468  inoculation application, we prepared these samples in leaf litter bags (each containing
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469 2 gof leaf litter) (Zaret et al., 2021) and soil bags (each containing 5 g of soil) as well
470  as 0.1 g of soil or litter (cut into smaller than 2x2 mm) in centrifuge tubes. All sample
471  bags and tubes were divided into nonsterile and sterile groups and stored at 4°C until
472  inoculation. The sterile groups (soils or litters) were sterilized by gamma irradiation (30
473  kGy, 30 h, Huayuan Nuclear Radiation Technology Co., Ltd., Kunming, China), which
474  cankill all microorganisms because no colonies were formed after 7 days of inoculation
475  on PDA media for gamma irradiation samples (see Fig. S6); moreover, there was no
476  evidence that this irradiation method changed the chemistry of the samples. The non—
477  sterile groups (soil or litter) were natural samples containing live microorganisms. The
478  natural soil or litter (0.3 g) was weighed into tubes and placed at —80°C until DNA

479  extraction.
480 Experimental design

481 The experimental design is shown in Fig. 8: (1) We inoculated A. adenophora with
482  non-sterile rhizosphere soil and leaf litter of A. adenophora and sterile groups as control
483  groups to distinguish the effects of aboveground from belowground microbes. (2) We
484  inoculated soils or leaf litter of A. adenophora at three growth stages (0 d, 21 d, 28 d)
485 to explore seedling susceptibility to microbial infection and growth effects. We
486  performed inoculation on the day of sowing seeds on water agar plates (containing 5 g
487  of agar and 500 mL of water) for germination, named GO inoculation; on the 21% day
488  after seedling growth, named G21; and on the 28™ day after seedling growth, named
489  (G28. We further performed a combination inoculation, that is, inoculation on both the
490  21% and 28" days after seedling growth, named G21+28 inoculation. Therefore, we had
491  four treatments for inoculation time. (3) We grew all the inoculated seedlings in
492  background soil (made of Pindstrup substrate, pearlite and vermiculite at a volume ratio
493  of 8:1:1, and nutrient content of Pindstrup substrate see Table S9) by adding the same
494  volume of Hoagland nutrient solution (high nutrient level) or only water (low nutrient
495  level) to the soil. In total, our experimental design included 4 inoculation time (GO0, G21,

496  G28, G21+28) x 2 inoculum sources (leaf litter, rhizosphere soil) x 2 microbial
22


https://doi.org/10.1101/2024.01.09.574925
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.09.574925; this version posted January 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

497  treatments (sterile, non—sterile) x 2 nutrient levels (high, low) x 5 replicates = 160 cups.
498  All the cups were randomly placed in the growth chamber and rearranged randomly
499  every week to mitigate potential positional effects. Seedlings were harvested after 8
500  weeks of growth under high nutrient conditions. We had to grow seedlings under low
501  nutritional condition for another 4 weeks to harvest because they were too small to
502  harvest, while those under high nutritional conditions grew too fast and up to the cup
503  PTFE cover (see Fig. S7). No seedlings survived at GO inoculation of non-sterile leaf
504 litters when harvested. Stem height, dry aboveground biomass and underground
505 biomass were measured at harvest. Fresh seedling leaves and roots (0.3 g) from three
506  seedlings per treatment as three replicates when harvested were surface-sterilized for
507  microbial community detection. The aboveground and underground dry biomasses for
508  seedlings with less than 0.3 g fresh weight were obtained by linear regression (see Fig.
509  S8). Seed germination and inoculation manipulation for each inoculation treatment are

510  detailed in supplementary method 1 (also see Fig. 8).
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511

512 Figure 8. Schematic diagram of soil or litter inoculation at different growth stages. The

513  abbreviations GO, G21, G28, and G21+28 are shown in Fig. 1.
514 Molecular sequencing of the microbial community

515 To link microbial sources (leaf litter and soil) with seed germination, seedling
516  mortality and subsequent seedling biomass, we sequenced the microbial community
517  associated with inoculum samples (natural A. adenophora soils (AAS) and leaf litter
518 (AAL)), as well as fresh leaves and roots of A. adenophora seedlings grown in the non—
519 sterile treatments. Fresh leaves and roots (0.3 g) of each seedling at harvest were chosen
520  for surface sterilization and then stored at —80°C until total DNA was extracted. For

521  DNA extraction, target—gene amplification and sequencing steps, see Supplementary

522  Method 2.

24


https://doi.org/10.1101/2024.01.09.574925
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.09.574925; this version posted January 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

523 Seedling-killing fungus experiment

524 No dead seedlings were observed from Petri dishes inoculated with non-sterile
525  soils at GO. Thus, we used 40 dead seedlings obtained from Petri dishes inoculated with
526  non-sterile leaf litter at GO to isolate fungi. Each dead seedling was cut into 1 mm x 1
527 mm pieces, and three tissues were placed on each PDA Petri dish and incubated at
528  ambient temperature (20-25°C) for 6—8 days or until mycelia grew. Hyphal tip cultures
529  were subsequently transferred onto new PDA plates and incubated until pure colonies
530 appeared. The DNA of these purified fungal strains was extracted and identified by
531  sequencing the ITS region (for details, see Supplementary Method 2).

532 To test the mortality of the fungal strains to seedlings, sixteen surface-sterilized A.
533  adenophora seeds were sown in a water ager plate in a Petri dish. Ten similar-sized
534  seedlings in one petri dish 21 days after sowing were selected for fungal inoculation.
535  Five Petri dishes were used as five replicates for each strain. Fungi were grown on PDA
536  for 7 days in an incubator at 25°C, after which 6 mm diameter agar discs with fungal
537  mycelia were inoculated into seedlings by touching the leaves or stems (see Fig. S4).
538  Seedlings were regarded as dead when the leaf and stem became brown and rotten. We
539  recorded the number of dead seedlings after 14 days of inoculation of agar discs and

540  then calculated the death rate (DR = the number of dead seedlings/10).
541 Statistical analysis

542 It is unreasonable to directly compare seedling biomass among treatments because
543  ofdifferent seedling growth time under high or low soil nutrition condition (see method
544  description above), the response index (RI) was calculated to evaluate the feedback
545  intensity (or direction) of microbes in inocula soil or leaf: RI = (variablenon-sterile —
546  variablegerile)/variableserile) (Bruce Williamson & Richardson, 1988), then a one—sample
547 T test was used to define the significance between the RI value and zero, where RI > 0
548 and < 0O represent microbes to promote or inhibit seedling growth, respectively.

549  Generalized linear models (GLMs) with Gaussian error distributions (identity link)
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550  generated by the “Ime4” package were used to identify the effects of feedback, microbe,
551  inoculation time, nutrient level treatments and their interaction on seedling mortality as
552  well as the effects of feedback, inoculation time, nutrient level treatments and their
553 interaction on the RI value. The R? values of the models were obtained by the
554  “piecewiseSEM” package, and P values were estimated using the Anova function via
555  chi-squared (y2) tests in GLMs. The nonparametric Mann—Whitney U test was used to
556  perform all two-group comparisons, and the Kruskal-Wallis test was performed to
557  compare the differences in Rl or microbial relative abundances among the four
558  inoculation time treatments.

559 Nonparametric Mann—Whitney U tests, Kruskal-Wallis tests and one—sample T
560 tests were executed using SPSS v. 22.0 (SPSS, Inc., Chicago, IL, USA). Nonmetric
561  multidimensional scaling (NMDS) analysis was used to visualize the similarities in
562  bacterial and fungal composition and function among the treatments. Permutational
563  analysis of variance (PERMANOVA) was performed with the ADONIS function in the
564 R (v. 4.2.0) package “vegan” to test the differences in the bacterial and fungal
565  communities and functions among the treatment groups. Bacterial functional profiles
566  were predicted using functional annotation of prokaryotic taxa (FAPROTAX) (Louca
567  etal., 2016). Fungal functional guilds were inferred using the program FUNGuild, and
568  guild assignments with confidence rankings of “Highly probable” and “Probable” were
569  retained (Nguyen et al., 2016). The core microbial taxa were primarily selected from
570 the ASVs that appeared (100% prevalence) among all the samples. Spearman’s
571  correlation analysis was used to link microbial communities in inoculation sources (leaf
572  litter and soils) with seed germination and seedling mortality in petri dishes of the non-
573  sterile GO treatment, as well as to link seedling growth with microbial communities or
574  functions enriched by seedling leaves or roots based on all treatments. A correlation was
575  considered significant when P < 0.05. Heatmap plotting was performed in R 4.2.0 with
576  the “pheatmap” package. To examine the phylogenetic signal of the seedling death rate

577  to fungal strains, we calculated Pagel's A with the R package “phytools”, which

26


https://doi.org/10.1101/2024.01.09.574925
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.09.574925; this version posted January 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

578  measures the distribution of a trait across a phylogeny. A Pagel's A was closer to 1,
579 indicating a stronger phylogenetic signal (Pagel, 1999). The remaining figures were
580 visualized in GraphPad Prism v7.0 (GraphPad Software, Inc., San Diego, CA, USA).
581

582  Data availability

583 The raw bacterial and fungal sequence data are archived in GenBank under
584  accession numbers PRINA1008375 and PRINA1008403, respectively. Fungal ITS
585  sequences could be obtained from GenBank under accession numbers OR473386-
586 ORA473418.
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605 Additional files

606 Method S1: Detailed seed germination and inoculation manipulation for each
607  inoculation time treatment.

608 Method S2: DNA extraction, target—gene amplification and sequencing.

609 Figure S1. Germination and dead seedlings of A. adenophora inoculated soil
610  (upper) or litter (bottom) in Petri dishes.

611 Figure S2. GLM analysis (a) and comparison (b) of seedling death rate after two
612  weeks when seedlings were transplanted into soil for sterile and non-sterile soil- and
613  foliage-feedback under high and low nutrient levels.

614 Figure S3. GLM analysis (a) and comparison (b) of microbial role in seedling
615  growth based on total dry biomass (RI) between foliage- and soil-feedback under low
616  and high nutrition level.

617 Figure S4. Death rate of seedlings caused by several representative strains.

618 Figure S5. NMDS results for the bacterial and fungal communities and function
619 in each inoculation time treatment.

620 Figure S6. Gamma irradiation was effective at killing all the microorganisms.
621 Figure S7. Seedlings were grown for 8§ weeks under low (adding water, left) or
622  high (adding Hoagland nutrient solution, right) nutrient levels.

623 Figure S8. Linear regression between the fresh and dry weights of aboveground
624  biomass (a) and underground biomass (b).

625 Figure S9 Number of shared ASVs between seedlings and inoculum source (soil

626  and litter) of several genera with significant effects on seedling survival and growth.

627 Table S1 Potential functions of the core bacteria in A. adenophora rhizosphere
628  soils.

629 Table S2 Potential functions of the core bacteria in A. adenophora litter.

630 Table S3 Potential functional guilds of core fungi in A. adenophora rhizosphere
631  soils.

28


https://doi.org/10.1101/2024.01.09.574925
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.09.574925; this version posted January 9, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under a CC-BY 4.0 International license.

632 Table S4 Potential functional guilds of the core fungi in A. adenophora litter.
633 Table S5 Taxonomy information of 33 representative strains isolated from 40
634  dead seedlings.

635 Table S6 PERMANOVA of bacterial communities and function at each

636  1noculation time.

637 Table S7 PERMANOVA of fungal communities and function at each inoculation
638 time.
639 Table S8 Information about the abbreviations for the fungal functional guilds

640  shown in Fig. 7D-E.
641 Table S9 Fertilizer content in the Pindstrup substrate.
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