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Abstract 10 

Background 11 

Winter waterlogging is an increasingly common abioƟc stress factor in temperate horƟculture. While 12 

the physiological responses of apple (Malus × domesƟca) to waterlogging during the acƟve growing 13 

season have been invesƟgated, the impact of waterlogging on the soil and root microbiome, 14 

especially during the winter dormant period, remains unknown. This study invesƟgated the legacy 15 

eīects of winter waterlogging on apple root and soil microbiota 6–9 months aŌer treatment. PoƩed 16 

MM106 rootstocks were subjected to four weeks of conƟnuous waterlogging in December across 17 

two independent experimental replicates, with one cohort subjected to two waterlogging treatments 18 

over two consecuƟve winters. Fungal (ITS) and bacterial (16S rRNA gene) communiƟes were assessed 19 

using amplicon sequencing to determine community size, diversity, structure, and taxonomic 20 

responses to waterlogging. 21 

Results 22 

Results indicated that community assembly was primarily driven by experimental replicate and 23 

temporal succession rather than the waterlogging treatment. However, a speciĮc anaerobic legacy 24 

was idenƟĮed. The anaerobic bacterial genera Geomonas, Geobacter, and Desulfuromonas were 25 

consistently enriched across experiments, with an increase in the abundance of Geomonas 26 
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associated with single and repeated waterlogging events. Conversely, aerobic saprotrophs were 27 

depleted, and potenƟal fungal pathogens, Gibellulopsis and Plectosphaerella, were also depleted.  28 

Conclusions 29 

These Įndings suggest that winter waterlogging induces a stable shiŌ in the microbiota characterised 30 

by a persistent anaerobic bacterial signature and a simpliĮed fungal community. This legacy eīect 31 

may inŇuence nutrient cycling and stress resilience when trees resume acƟve growth in the spring. 32 

Keywords 33 

Malus × domesƟca, winter waterlogging, microbiota response 34 

Background 35 

Waterlogging is a major abioƟc stress in horƟculture in the UK, impairing plant growth and 36 

producƟvity, and is projected to worsen with climate change in temperate regions [1]. Waterlogging 37 

creates a hypoxic environment in the soil, starving roots of oxygen and forcing them to rely on 38 

anaerobic respiraƟon [2]. The resulƟng energy deĮcit leads to impaired osmoƟc balance, reduced 39 

photosyntheƟc rate, and leaf senescence [3,4]. Hypoxia and changes in pH and nutrient availability 40 

during waterlogging, as well as changes in the amount and type of root exudates, result in large 41 

changes in the root and soil microbiota composiƟon which contributes to plant stress and disease 42 

outcomes [5].  43 

Apple (Malus × domesƟca) is sensiƟve to waterlogging during the growing season which suppresses 44 

growth and reduces fruit yield [6,7]. While the physiological response of apple to acƟve-season 45 

waterlogging has been invesƟgated, the seasonal Ɵming of waterlogging is an important but 46 

overlooked factor. Research suggests that Ňooding during summer is more detrimental to growth and 47 

yield than during autumn or spring [8]. However, winter waterlogging remains unstudied in apple 48 

despite being a common occurrence in temperate orchards. During winter dormancy, although the 49 

metabolic acƟvity of the host is reduced, the soil remains a dynamic environment. To fully 50 

understand the impact of waterlogging during winter dormancy in apple, the response of microbial 51 
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communiƟes associated with roots and soil needs to be invesƟgated. These communiƟes are 52 

associated with nutrient cycling and pathogen defence when acƟve growth resumes in the spring. 53 

Waterlogging impacts bulk soil and rhizosphere microbiota directly, primarily by gradually increasing 54 

hypoxia which favours anaerobes, but also by changing pH and nutrient levels in the soil [9]. Together 55 

with hypoxia-induced changes in root exudates by the host plant, waterlogging drives major 56 

restructuring of soil and root microbial communiƟes [5]. Waterlogging-induced hypoxia acts as a 57 

selecƟve Įlter, consistently depleƟng aerobic plant growth-promoƟng rhizobacteria (PGPR) such as 58 

Bacillus and Pseudomonas while facilitaƟng the expansion of anaerobic or acidophilic taxa [10,11]. 59 

This restructuring oŌen favours bacteria detrimental to plant growth and opportunisƟc fungal 60 

pathogens, thereby predisposing the host to disease even aŌer reoxygenaƟon [11,12]. While 61 

waterlogging directly favours waterborne pathogens like Phytophthora and Fusarium, leading to 62 

worse disease outcomes [13,14], its long-term suppression of beneĮcial microbiota may erode the 63 

key microbiome funcƟons and consequently reduce the Įtness of the associated plant host. 64 

Although the plant waterlogging response can temporarily upregulate global defences, protecƟng it 65 

from disease [15], the loss of protecƟve or beneĮcial microbes could represent a persistent 66 

vulnerability. This was evidenced in Malus hupehensis, where sƟmulaƟon of rhizosphere microbiota 67 

by applicaƟon of melatonin and dopamine reduced the eīects of waterlogging on the microbiome 68 

and improved the host’s recovery aŌer waterlogging, highlighƟng the microbiome’s role as a criƟcal 69 

component of stress resilience [16,17]. Characterising long term eīects of winter waterlogging on 70 

apple microbiota is therefore essenƟal to understand whether waterlogging-induced disrupƟons 71 

during dormancy lead to vulnerabiliƟes during the growing season, ulƟmately informing beƩer 72 

orchard soil management and site selecƟon in a changing climate.  73 

This study aimed to determine the eīects of winter waterlogging on the root and soil microbiota of 74 

apple rootstocks (Malus × domesƟca). We invesƟgated whether microbial shiŌs induced by winter 75 

waterlogging persist unƟl the summer growing season and if these responses are consistent across 76 
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diīerent experimental years and repeated waterlogging treatments of the same plants. PoƩed 77 

MM106 rootstocks were waterlogged conƟnuously for 4 weeks in December, and root and soil 78 

samples were collected the following summer (6–9 months aŌer treatment) to capture the long-term 79 

community disrupƟon. We performed two experimental replicates in two consecuƟve years, starƟng 80 

in 2022 and 2023. To assess the impact of recurring stress, the trees from the 2022 experiment were 81 

subjected to a second waterlogging treatment in the winter of 2023/2024. Using ITS/16S rRNA gene 82 

amplicon sequencing, we assessed community size, alpha diversity, beta diversity, and the diīerenƟal 83 

abundance of genera in response to waterlogging treatments. We hypothesised that winter 84 

waterlogging induces a stable shiŌ in microbial communiƟes that is reproducible across independent 85 

experiments and characterised by the persistent enrichment of anaerobic waterlogging-tolerant taxa. 86 

Methods 87 

Experimental design and sampling 88 

Two independent experimental replicates were performed in consecuƟve years. The schedule for 89 

planƟng, waterlogging, and sampling is summarised in table 1. One-year-old MM106 rootstocks were 90 

planted in March of 2022 and 2023 in low-ferƟlity sandy loam topsoil amended with Osmocote® 91 

slow-release ferƟliser pellets according to manufacturer’s recommendaƟons of 10 g L-1. Three 92 

rootstocks were planted in each 20 L pot and randomly arranged into 5 blocks of 5 plots with 4 pots 93 

(12 rootstocks) per plot. Rootstocks were inoculated with N. diƟssima conidial suspension at leaf fall 94 

aŌer the Įrst growing season. Waterlogging treatments (Control and 1-, 2-, 4-, and 8-weeks) were 95 

randomly assigned to each plot with one plot per treatment in each block. Pots were waterlogged by 96 

placing in a bucket and submerging in water approximately 3 cm above the soil conƟnuously for the 97 

assigned duraƟon in December/January aŌer the Įrst growing season (2022/2023 for the 2022 98 

experiment and 2023/2024 for the 2023 experiment). Root and soil samples were collected from 0- 99 

and 4-week waterlogging treatment plots (the longest treatment that didn’t cause excessive 100 

mortality) from each block 6–9 months aŌer treatment (June 2023 for the 2022 experiment, 101 
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September 2024 for the 2023 experiment) by extracƟng a core to a depth of approximately 10 cm 102 

using a cork borer from each pot in the plot and mixing them together. In the 2022 experiment a 103 

second waterlogging treatment was applied in winter 2023/2024, following the same duraƟons and 104 

protocol as the Įrst waterlogging treatment, and a second batch of samples collected form the same 105 

plots in September 2024. Samples were frozen aŌer collecƟon and stored at –20 ℃ unƟl use. Frozen 106 

samples were freeze dried, manually separated into root and soil components, and ground in a 107 

Geno/Grinder2010 (SPEX SamplePrep, Stanmore, UK) with sterilised steel ball bearings before DNA 108 

extracƟon. 109 

Table 1. Schedule for planƟng, watering, and sampling of the 2022 and 2023 experimental replicates. 110 

Experiment PlanƟng 

First 
waterlogging 

First 

sampling 

Second 

waterlogging 

Second 

sampling 

2022 experiment Mar 2022 Dec 2022 Jun 2023 Dec 2023 Sep 2024 

2023 experiment Mar 2023 Dec 2023 Sep 2024 - - 

DNA extraction, qPCR, and sequencing 111 

DNA was extracted from powdered root and soil samples using the E.Z.N.A Soil DNA Kit (Omega Bio-112 

tek, Norcross, Georgia, USA). DNA was quanƟĮed and assessed for purity spectrophotometrically 113 

(Nanodrop™ 1000, ThermoFisher ScienƟĮc, USA). PCR ampliĮcaƟon, library preparaƟon, and 114 

metabarcoding sequencing were carried out by Novogene UK (Cambridge, UK) on the Illumina 115 

NovaSeq plaƞorm in the 250 nt paired end mode. The target regions were ITS1-1F: [ITS1-1F-F: 5’-116 

CTTGGTCATTTAGAGGAAGTAA-3’[18]; ITS1-1F-R: 5’-GCTGCGTTCTTCATCGATGC-3’ [19]] and 16S V5-V7: 117 

[799F: 5’-AACMGGATTAGATACCCKG-3’ [20], 1193R: 5’-ACGTCATCCCCACCTTCC-3’ [21]]. 118 

Fungal and bacterial community sizes were esƟmated using quanƟtaƟve PCR (qPCR) based on a 119 

published protocol [22]. To ensure accuracy and account for potenƟal inhibiƟon, samples were 120 

analysed in triplicate at two diluƟons (20 × and 200 ×). A standard curve was made using a six-step 121 

10-fold serial diluƟon of DNA pooled from all samples. Each 384-well plate included the standard 122 

curve and a non-template control in triplicate. ReacƟons (10 µL) contained 2 µL of template DNA and 123 

5 µL SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Primers targeted the same regions used 124 
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for metabarcoding: ITS1-1F (100 nM Įnal concentraƟon) and 16S V5-V7 (200 nM). The thermal 125 

cycling proĮle was: iniƟal denaturaƟon for 3 min at 98 ℃, followed by 40 cycles of 15 s at 98 ℃, 30 s 126 

at 55 ℃, and 1 min at 72 ℃, followed by a Įnal extension of 10 min at 72 ℃ and melt curve analysis. 127 

Total ITS or 16S rRNA gene theoreƟcal copy number per gram of sample were calculated using plate-128 

speciĮc standard curves. To standardise quanƟĮcaƟon, theoreƟcal copy numbers were calibrated 129 

such that the quanƟĮcaƟon cycle (Cq) intercepts were approximately 35 (the detecƟon limit 130 

esƟmated from standard curves). Quality control was strictly maintained; samples with ampliĮcaƟon 131 

eĸciencies outside the 0.8–1.2 range were re-run. Final downstream analyses used the mean 132 

eĸciency-corrected theoreƟcal copy number from the three technical replicates across both 133 

diluƟons. 134 

Sequence processing and ASV calling 135 

The bioinformaƟcs and computaƟonal analyses were performed on CropDiversity-HPC [23]. FASTQ 136 

reads were Įltered to remove those with ambiguous primers or mismatched primer pairs and 137 

primers and barcodes were removed. Cleaned reads were processed using the DADA2 (v1.34) 138 

pipeline in R [24]. Reads were Įltered and trimmed to remove unknown bases (N) and low-quality 139 

sequences using a maximum expected error of 2. Error models were constructed from the Įltered 140 

reads and used to infer amplicon sequence variants (ASVs) using pseudo-pooling. Forward and 141 

reverse reads were merged, chimeras were idenƟĮed and removed, and the Įnal frequency tables 142 

were constructed. 143 

Fungal and bacterial taxonomy was assigned to ASVs at the 80% conĮdence level using SINTAX [25]. 144 

Fungal taxonomy was assigned using a modiĮed version of the RDP Warcup V2 database which was 145 

updated for consistency with NCBI taxonomy as of 2022-09-02. Bacterial taxonomy was assigned 146 

using the ‘RDP training set v18’ database for the 16S rRNA gene [26]. ASVs idenƟĮed as chloroplast 147 

or mitochondria were removed and remaining ASVs were Įltered to only include ASVs with at least 148 

10 reads in two or more samples. 149 
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Statistical analysis 150 

All staƟsƟcal analyses were carried out using R 4.4.3 [27]. Because samples were collected aŌer a 151 

single waterlogging for the 2022 and 2023 experimental replicates and aŌer repeated waterlogging 152 

only for experiments set up in 2022, we carried out separate analysis on 1) the eīects of single 153 

waterlogging across two independent experimental years (replicates), and 2) the eīects of single and 154 

repeated waterlogging on the same plants in the 2022 experiment. 155 

Fungal and bacterial community esƟmated from qPCR-derived theoreƟcal copy numbers was log 156 

transformed to achieve normality and homoskedasƟcity of residuals before analysis of variance 157 

(ANOVA) was used to assess the eīects of design factors on community size. To account for repeated 158 

measures in the repeated waterlogging analysis, plot idenƟty was included as an error term in the 159 

model. 160 

Alpha diversity indices Chao1, Shannon, and Simpson were calculated using R package vegan [28]. 161 

PermutaƟon ANOVA was performed on the rank of each alpha diversity index to assess the eīects of 162 

design factors using the R package lmPerm [29]. To account for repeated measures in the repeated 163 

waterlogging analysis, plot idenƟty was included as an error term in the model. 164 

For beta diversity, ASV counts were normalised by community size using the qPCR-derived 165 

theoreƟcal copy number. The proporƟonal diīerences in theoreƟcal copy number between samples 166 

and the mean across samples for ITS and 16S rRNA gene were used as size factors for DESeq2 167 

normalisaƟon [30]. Bray-CurƟs dissimilarity was calculated from normalised ASV counts using R 168 

package vegan [28]. PermutaƟonal mulƟvariate analysis of variance (PERMANOVA) with 1000 169 

permutaƟons was used to assess the staƟsƟcal signiĮcance of design factors on the Bray-CurƟs 170 

dissimilarity matrix using the adonis2 funcƟon of the vegan package. To account for repeated 171 

measures in the repeated waterlogging analysis, plot idenƟty was included as a strata term in 172 

adonis2. Principal component (PC) analysis was used to assess the key axes of variaƟon in the 173 

community. ANOVA was used to test the eīect of design factors on each PC and the variance 174 
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accounted for by each factor was adjusted by the total variance in the community accounted for by 175 

each PC. 176 

DiīerenƟal abundance of each fungal and bacterial genus in response to waterlogging was assessed 177 

using DESeq2. Normalised ASV counts were summed by genus at the 50% conĮdence level and 178 

Įltered to remove genera only detected in < 4 samples. Genera were assessed for their response to 179 

waterlogging over two independent experimental replicates and separately for single and repeated 180 

waterlogging in the 2022 experiment. This approach was used because 16S rRNA gene sequencing 181 

lacks the taxonomic resoluƟon for conĮdent species-level idenƟĮcaƟon and grouping by taxonomic 182 

units (genus) rather than ASVs ensured biological relevance and reduced the impact of sparsity and 183 

noise due to the presence of many low frequency ASVs across a limited number of samples. 184 

Results 185 

Sequencing and ASV summary 186 

There were 1224 total fungal ASVs. The top 29, 262, and 853 most abundant ASVs accounted for 187 

50%, 90%, and 99% of total reads, respecƟvely. Of the total fungal ASVs, 89%, 79%, 67%, 59%, 54%, 188 

and 37% could be assigned to the rank of phylum, class, order, family, genus, and species respecƟvely 189 

at ≥ 50% conĮdence. The top two ASVs were both Plectosphaerellaceae and accounted for 9.2% and 190 

4.7% of reads respecƟvely. 191 

There were 4359 total bacterial ASVs. The top 247, 1903, and 3760 most abundant ASVs accounted 192 

for 50%, 90%, and 99% of total reads, respecƟvely. Of the total bacterial ASVs, 95%, 88%, 73%, 58%, 193 

and 49% could be assigned to the rank of phylum, class, order, family, and genus respecƟvely at ≥ 194 

50% conĮdence. 16S rRNA gene sequences do not achieve meaningful species resoluƟon and is not 195 

included. The top two ASVs were Streptomyces and AcƟnobacteria and accounted for 1.5% and 1.3% 196 

of reads respecƟvely. 197 
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Community size and alpha diversity 198 

Single waterlogging across experimental replicates 199 

Experiment year and spaƟal variaƟon (block within experiment) were the primary factors aīecƟng 200 

community size and alpha diversity across experimental replicates, while single waterlogging 201 

treatment had small but signiĮcant eīects on some alpha diversity measures (Įgure 1, table 2). 202 

Fungal root communiƟes did not respond signiĮcantly to waterlogging across experimental 203 

replicates. Fungal soil communiƟes, however, had signiĮcantly decreased richness (Chao1: p = 0.006, 204 

var = 1.47%), diversity (Shannon: p = 0.005, var = 2.44%), and evenness (Simpson: p = 0.001, var = 205 

3.64%) in response to waterlogging across experimental replicates. Conversely, bacterial root 206 

communiƟes had signiĮcantly increased richness (Chao1: p = 0.004, var = 1.92%) and diversity 207 

(Shannon: p = 0.006, var = 12.6%) in response to waterlogging, and bacterial soil communiƟes had 208 

signiĮcantly increased richness (Chao1: p = 0.006, var = 2.44%) in response to waterlogging. The 209 

response to waterlogging was experiment-dependent for evenness of fungal root (Simpson: p = 210 

0.001, var = 4.33%), bacterial root (Simpson: p = 0.005, var = 0.75%), and bacterial soil (Simpson: p = 211 

0.005, var = 1.08%) communiƟes. 212 

Fungal root communiƟes were signiĮcantly more diverse (Shannon) and even (Simpson) in the 2023 213 

experiment than in the 2022 experiment (all p < 0.05). Fungal soil communiƟes were signiĮcantly 214 

larger, richer (Chao1), more diverse (Shannon), and more even (Simpson) in the 2023 experiment (all 215 

p < 0.05). Bacterial root communiƟes were signiĮcantly larger, but less rich, less diverse, and less 216 

even in the 2023 experiment, and bacterial soil communiƟes were larger, richer, and more diverse, 217 

but less even in the 2023 experiment (all p < 0.05). The diīerences between experiments were most 218 

pronounced in fungal soil communiƟes and bacterial root communiƟes where it explained up to 219 

76.7% of variaƟon in community size and alpha diversity. Block eīects within experiments 220 

represented a major source of variaƟon in alpha diversity but not community size and were 221 

signiĮcant for all alpha diversity indices for all groups (all p < 0.05). This was most pronounced in 222 

fungal root communiƟes where block-within-experiment accounted for 92.1%, 55.4%, and 34.0% of 223 
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variaƟon in Chao1, Shannon, and Simpson indices, respecƟvely. Block eīects were also pronounced 224 

in bacterial soil communiƟes where block-within-experiment accounted for 31.2%, 55.3%, and 83.0% 225 

of variaƟon in richness, diversity, and evenness respecƟvely. 226 

 227 

 228 

 229 

Figure 1. Community size (log10 theoreƟcal copy number), and alpha-diversity measures of richness 230 

(Chao1), diversity (Shannon), and evenness (Simpson) of fungal and bacterial root and soil 231 

communiƟes for the 2022 and 2023 experimental replicates aŌer single waterlogging compared to 232 

non-waterlogged control. 233 

Table 2. Eīects of design factors on community size (log10 theoreƟcal copy number) and alpha 234 

diversity indices (Chao1, Shannon, Simpson) of fungal and bacterial root and soil communiƟes for 235 

single waterlogging across the 2022 and 2023 experimental replicates based on ANOVA of copy 236 
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number and permutaƟon ANOVA of alpha diversity index ranks. Variance (%) for each measure 237 

explained by each factor is reported. 238 

    Root   Soil   

  df Size Chao1 Shannon Simpson Size Chao1 Shannon Simpson 

Fungi                                   

experiment 1 13.0  0.3  21.9 ** 32.8 *** 76.7 *** 23.6 *** 75.2 *** 75.2 *** 

waterlogging 1 <0.1  <0.1  <0.1  0.1  0.4  1.5 ** 2.4 ** 3.6 *** 

exp1 × water2 1 15.5  <0.1  0.1  4.3 *** 0.8  3.0  0.5  0.5  
exp1 × block 8 37.1  92.1 *** 55.4 *** 34.0 ** 10.8  46.8 ** 13.2 ** 13.8 ** 

residuals 8 34.4  7.6  22.6  28.8  11.4  25.1  8.7  6.9  
Bacteria                                   

experiment 1 38.3 * 66.4 *** 75.2 *** 75.2 *** 70.7 *** 8.7 ** 7.7 ** 0.8 ** 

waterlogging 1 0.8  1.9 ** 0.3 ** 0.5  0.3  2.4 ** 0.8  0.1  
exp1 × water2 1 2.6  0.5  0.5  0.8 ** 1.1  0.8  0.5  1.1 ** 

exp1 × block 8 22.0  11.8 ** 12.6 ** 13.1 ** 13.6  31.2 ** 55.3 ** 83.0 *** 

residuals 8 36.3  19.4  11.4  10.5  14.3  57.0  35.8  15.0  
*, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respecƟvely. 1experiment factor. 2waterlogging factor. 239 

Temporal dynamics and repeated waterlogging 240 

Temporal succession (Ɵmepoint) was the major driver of community size and alpha diversity for all 241 

communiƟes across sampling Ɵmepoints in the 2022 experiment, while waterlogging treatments had 242 

limited eīects on alpha diversity that were largely dependent on Ɵmepoint (Įgure 2, table 3). 243 

Only bacterial soil communiƟes responded to waterlogging across single and repeated treatments 244 

where waterlogged plots had signiĮcantly decreased evenness compared to the non-waterlogged 245 

control (Simpson: p = 0.001, var = 17.3%). The interacƟon between waterlogging and Ɵmepoint was 246 

signiĮcant for fungal soil diversity (Shannon: p = 0.041, var = 8.69%), fungal soil evenness (Simpson: p 247 

= 0.012, var = 7.70%), and bacterial root richness (Chao1: p = 0.043, var = 5.08%). Simple eīects 248 

analysis, with each Ɵmepoint analysed independently, revealed that fungal soil evenness signiĮcantly 249 

increased in response to repeated waterlogging only (Simpson: p = 0.018, var = 43.8%). 250 

Community size signiĮcantly increased over Ɵme for both fungi and bacteria in both root and soil 251 

compartments (all p < 0.05). Fungal and bacterial root communiƟes both experienced a signiĮcant 252 

decline in richness (Chao1), diversity (Shannon), and evenness (Simpson) over Ɵme (all p < 0.05). In 253 

contrast, fungal soil communiƟes experienced a signiĮcant increase in richness, diversity, and 254 
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evenness over Ɵme, and bacterial soil communiƟes experienced a signiĮcant increase in evenness 255 

over Ɵme (all p < 0.05). Block eīects across Ɵmepoints in the 2022 experiment signiĮcantly 256 

inŇuenced diversity and evenness of root fungi, diversity of root bacteria, and richness of soil 257 

bacteria (all p < 0.05). This was most pronounced in root fungi where block eīects accounted for 258 

20.7% and 28.5% of variaƟon in diversity and evenness respecƟvely. 259 

 260 

Figure 2. Community size (log10 theoreƟcal copy number), and alpha-diversity measures of richness 261 

(Chao1), diversity (Shannon), and evenness (Simpson) of fungal and bacterial root and soil 262 

communiƟes in the 2022 experiment aŌer Įrst waterlogging in 2022/2023 (single) and second 263 

waterlogging in 2023/2024 (repeated) compared to non-waterlogged controls at each Ɵmepoint. 264 

 265 

 266 

 267 
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Table 3. Eīects of design factors on community size (log10 theoreƟcal copy number) and alpha 268 

diversity indices (Chao1, Shannon, Simpson) of fungal and bacterial root and soil communiƟes for 269 

single and repeated waterlogging in the 2022 experiment based on ANOVA of copy number and 270 

permutaƟon ANOVA of alpha diversity index ranks. Variance (%) for each measure explained by each 271 

factor is reported. Residuals are parƟƟoned into between subject residual (b) and within subject 272 

residual (w) error terms to account for the repeated measures ANOVA design. 273 

    Root   Soil   

  df Size Chao1 Shannon Simpson Size Chao1 Shannon Simpson 

Fungi                                   

block 4 17.9  16.3  20.7 ** 28.5 *** 6.4  28.6  8.9  6.9  
waterlogging 1 11.3  0.5  1.1  <0.1  1.2  5.9  1.9  3.0  
residual (b) 4 17.6  8.9  6.1  5.9  8.7  17.0  21.1  15.3  
timepoint 1 35.1 ** 27.1 *** 25.3 *** 9.7 *** 57.8 ** 5.1 *** 34.8 *** 55.6 *** 

time1 × water2 1 <0.1  0.8  0.1  1.5  <0.1  0.5  8.7 * 7.7 * 

residual (w) 8 18.1  46.5  46.8  54.3  26.0  43.0  24.7  11.4  
Bacteria                                   

block 4 27.6  3.5  7.3 * 5.9  9.8  20.2 * 13.6  10.0  
waterlogging 1 5.3  <0.1  0.3  <0.1  1.4  3.6  <0.1  17.3 ** 

residual (b) 4 29.8  17.0  1.3  4.9  7.7  13.3  21.2  15.1  
timepoint 1 26.1 ** 60.9 *** 75.2 *** 75.2 *** 54.5 ** <0.1  8.7  9.7 ** 

time1 × water2 1 2.6  5.1 * 0.5  0.1  0.1  1.5  1.5  6.8  
residual (w) 8 8.5   13.4   15.5   13.9   26.6   61.4   54.9   41.1   

*, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respecƟvely. 1Ɵmepoint factor. 2waterlogging factor. 274 

Beta diversity 275 

Single waterlogging across experimental replicates 276 

Experimental year was the dominant factor aīecƟng fungal and bacterial community structure 277 

across experimental replicates, while waterlogging had small, speciĮc changes in some of the 278 

communiƟes which was partly dependent on experimental year (Įgure 3, table 4). 279 

Fungal root community structure signiĮcantly responded to single waterlogging (PERMANOVA: F = 280 

1.42, p = 0.043) explaining 6.2% of total variaƟon. However, this treatment eīect was not captured 281 

by PC1–3. Fungal root communiƟes responded to waterlogging signiĮcantly diīerently between 282 

experiments (PERMANOVA: F = 1.49, p = 0.017) explaining 6.6% of total variaƟon. Fungal soil 283 

communiƟes did not signiĮcantly respond to waterlogging across the two experiments. Bacterial root 284 

and soil communiƟes did not have signiĮcant global community shiŌs (PERMANOVA) in response to 285 
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waterlogging. However, PCA revealed that a subset of the bacterial soil community represented by 286 

PC3 responded to waterlogging (PC3: F = 5.73, p = 0.044) explaining 0.40% of total community 287 

variaƟon. 288 

Community structure was signiĮcantly diīerent between experiment years for all community 289 

compartments (PERMANOVA: p < 0.05). This eīect was most pronounced in soil communiƟes, where 290 

it explained 22.1% of total variaƟon for fungi and 55.9% for bacteria. These experimental replicate 291 

eīects were primarily captured by PC1 across all groups. Block eīects signiĮcantly inŇuenced 292 

community structure of fungal soil communiƟes explaining 39.5% of total variaƟon which was 293 

reŇected in PC2. Fungal root communiƟes had signiĮcant block eīects in PC1 and PC2, and bacterial 294 

soil communiƟes had signiĮcant block eīects in PC3 (all p < 0.05). 295 

 296 

Figure 3. NMDS plots of Bray-CurƟs dissimilarity of fungal and bacterial root and soil communiƟes 297 

across samples from the 2022 and 2023 experimental replicates aŌer single waterlogging compared 298 

to non-waterlogged control. 299 

 300 
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Table 4. Eīect of design factors on community structure from Bray-CurƟs dissimilarity (B-C) and 301 

principal components (PC1–3) of fungal and bacterial root and soil community structure for single 302 

waterlogging across the 2022 and 2023 experimental replicates based on PERMANOVA for B-C and 303 

ANOVA for PCs. Percentage of variance in the communiƟes explained by each factor is reported. For 304 

PCs the variances are adjusted for the variance in the community explained by each PC. 305 

    Root   Soil   

  df B-C PC1 PC2 PC3 B-C PC1 PC2 PC3 

Fungi                                   

experiment 1 11.7 *** 16.0 *** 0.5 ** 0.2  22.1 *** 19.9 *** <0.1  <0.1  

waterlogging 1 6.2 * <0.1  0.1  <0.1  4.6  0.1  <0.1  <0.1  

exp1 × block 8 40.4  2.3 *** 8.2 *** 4.7  39.5 * 0.3  10.9 *** 4.2  

exp1 × water2 1 6.6 * <0.1  <0.1  0.5  4.0  <0.1  0.1  0.6  

residual 8 35.1  0.2  0.2  1.7  29.8  0.1  0.2  1.5  

Bacteria                                   

experiment 1 36.1 *** 34.2 *** 0.5  <0.1  55.9 *** 43.9 *** 0.0  <0.1  

waterlogging 1 4.0  <0.1  <0.1  <0.1  2.6  0.2  0.1  0.4 * 

exp1 × block 8 28.0  1.7  3.5  4.2  20.8  0.7  2.6  4.5 ** 

exp1 × water2 1 2.7  <0.1  0.1  <0.1  1.9  <0.1  0.1  <0.1  

residual 8 29.2  1.3  4.5  1.3  18.7  0.7  3.3  0.6  
*, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respecƟvely. 1experiment factor. 2waterlogging factor. 306 

Temporal dynamics and repeated waterlogging 307 

Temporal succession (Ɵmepoint) and spaƟal variability (block) were the dominant factors aīecƟng 308 

fungal and bacterial community structure across sampling Ɵmepoints in the 2022 experiment, while 309 

waterlogging had small, speciĮc changes in all communiƟes (Įgure 4, table 5). 310 

Fungal root and soil communiƟes consistently responded to waterlogging across single and repeated 311 

treatments (PERMANOVA root: F = 0.972, p = 0.023; PERMANOVA soil: F = 0.937, p = 0.004) 312 

explaining 4.8% and 4.5% of total community variaƟon, respecƟvely. However, these treatment 313 

eīects were not captured by PC1–3. Bacterial communiƟes consistently responded to waterlogging 314 

across single and repeated treatments (PERMANOVA root: F = 1.70, p = 0.004; PERMANOVA soil: F = 315 

1.27, p = 0.004) explaining 5.8% and 4.1% of total community variaƟon respecƟvely. These treatment 316 

eīects were reŇected in PC3 (PC3 root: F = 7.88, p = 0.048; PC3 soil: F = 10.8, p = 0.030) explaining 317 
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0.43% and 0.62% of total community variaƟon respecƟvely. The interacƟons between waterlogging 318 

and Ɵmepoint were not signiĮcant. 319 

Temporal community succession was a major driver of fungal and bacterial community structure 320 

(PERMANOVA: p < 0.05), explaining between 8% and 13% of total variaƟon in fungal communiƟes 321 

and between 31.9% and 36.3% of total variaƟon in bacterial communiƟes. This temporal eīect was 322 

primarily captured by PC1 across all groups. Block effects significantly influenced community 323 

structure for all communities (PERMANOVA: p < 0.05) and explained between 21.0% and 21.7% of 324 

total variation for fungi and between 16.5% and 17.1% of total variation for bacteria. 325 

 326 

 327 

Figure 4. NMDS plots of Bray-CurƟs dissimilarity of fungal and bacterial root and soil communiƟes in 328 

the 2022 experiment aŌer Įrst waterlogging in 2022/2023 (single) and second waterlogging in 329 

2023/2024 (repeated) compared to non-waterlogged controls at each Ɵmepoint. 330 
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Table 5. Eīect of design factors on community structure from Bray-CurƟs dissimilarity (B-C) and 331 

principal components (PC1–3) of fungal and bacterial root and soil community structure across single 332 

and repeated waterlogging in the 2022 experiment based on PERMANOVA for B-C and ANOVA for 333 

PCs. Percentage of variance in the communiƟes explained by each factor is reported. For PCs the 334 

variances are adjusted for the variance in the community explained by each PC. 335 

    Root   Soil   

  df B-C PC1 PC2 PC3 B-C PC1 PC2 PC3 

Fungi                                   

block 4 21.7 * 2.8 * 2.1 * 2.9  21.0 ** 4.4 ** 0.9  3.2  

waterlogging 1 4.8 * <0.1  <0.1  0.7  4.5 ** <0.1  0.1  0.3  

timepoint 1 8.0 ** 8.9 *** 0.8  1.0  13.0 ** 1.7  7.3 *** 0.3  

time1 × water2 1 5.5  <0.1  0.1  0.4  4.5  <0.1  0.1  0.3  

residual 12 59.8  2.2  7.8  3.3  57.0  8.9  1.3  3.5  

Bacteria                                   

block 4 17.1 ** 2.9  3.4  1.4  16.5 ** 1.5  4.2  3.0 * 

waterlogging 1 5.8 ** 0.1  0.2  0.4 * 4.1 ** 0.4  0.1  0.6 * 

timepoint 1 31.9 ** 24.6 *** 1.6 * <0.1  36.3 ** 22.7 *** 1.9  <0.1  

time1 × water2 1 4.0  <0.1  <0.1  0.1  4.2  0.2  0.0  0.2  

residual 12 41.1   2.2   5.1   4.6   38.9   5.4   4.9   4.1   

*, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respecƟvely. 1Ɵmepoint factor. 2waterlogging factor. 336 

Abundance of fungal and bacterial genera 337 

Single waterlogging across experimental replicates 338 

DiīerenƟal abundance analysis idenƟĮed a small subset of ten genera across microbiome 339 

compartments that responded consistently to waterlogging across experimental replicates (table 6, 340 

Įgure 5, table S1). Fungal responses were especially limited. No fungal genera in the soil showed a 341 

consistent response across experiments. In the roots, only two fungal genera (together represenƟng 342 

1.16% of reads) signiĮcantly responded across experiments: JuxƟphoma decreased in abundance 343 

overall, but its presence was sporadic across plots and experiments and was only found in control 344 

samples, while Serendipita, predominantly found in experiment 2, increased in abundance overall. 345 

In contrast, the bacterial response was more pronounced and funcƟonally consistent. A group of four 346 

soil bacterial genera (together represenƟng 0.51% of reads) consistently increased in abundance in 347 
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response to waterlogging across experimental replicates: the anaerobes Geomonas, Desulfuromonas, 348 

Geobacter, and Clostridium. In the root compartment, four bacterial genera (together represenƟng 349 

1.18% of the reads) consistently responded to waterlogging across experimental replicates. The 350 

anaerobic Cellulomonas and Geomonas increased in abundance, while the strictly aerobic 351 

Arenibacter and Lysinimonas decreased. Analysing each experiment separately revealed 19 genera in 352 

the 2022 experiment and six genera in the 2023 experiment that signiĮcantly responded to 353 

waterlogging (table S2). 354 

Table 6. Fungal and bacterial genera with signiĮcant (p < 0.05) diīerenƟal abundance between 355 

control and waterlogged samples across experimental replicates. For each genus, mean normalised 356 

abundance across samples, percentage of the total populaƟon (reads), log-2-fold-change (log2FC) 357 

where a posiƟve value indicates an increase in abundance in response to waterlogging, and p-values 358 

adjusted for mulƟple tesƟng are included. 359 

Genus Mean abundance PopulaƟon (%) log2FC p (adj)   

Root Fungi           

JuxƟphoma 494 0.85 -29.30 < 0.0001 ***  

Serendipita 186 0.32 11.34 0.0044 **  

Soil Bacteria           

Geomonas 340 0.29 5.41 < 0.0001 ***  

Clostridium 124 0.13 1.85 < 0.0001 ***  

Desulfuromonas 55 0.07 2.88 0.0137 *  

Geobacter 50 0.03 3.09 0.0014 **  

Root Bacteria           

Cellulomonas 155 0.70 2.67 0.0111 *  

Geomonas 70 0.26 5.92 < 0.0001 ***  

Arenibacter 36 0.11 -4.00 0.0050 **  

Lysinimonas 14 0.10 -7.51 0.0081 **  

*, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respecƟvely. 360 

 361 
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 362 

Figure 5. Fungal (A) and bacterial (B) genera with signiĮcant diīerenƟal abundance between control 363 

and waterlogged samples across the experimental replicates in 2022 (experiment 1) and 2023 364 

(experiment 2). Heatmap values show the natural log of abundance + 1 with grey cells indicaƟng the 365 

genus was not idenƟĮed in the sample. 366 

Temporal dynamics and repeated waterlogging 367 

Analysis of the 2022 experiment revealed disƟnct responses to single and repeated waterlogging 368 

(table 7, Įgure 6, table S1). 369 

Of the four soil fungal genera that responded to waterlogging (together represenƟng 2.53% of 370 

reads), Cadophora and Chaetomium increased in abundance after single waterlogging only, while 371 

Thelonectria and Hirsutella increased in abundance aŌer repeated waterlogging only. Of the six root 372 

fungal genera that responded to waterlogging (together represenƟng 14.79% of reads), Gibellulopsis, 373 

Juxtiphoma, and Cephalotrichum decreased in abundance aŌer single waterlogging only, while 374 
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Thelonectria increased and Plectosphaerella and Rhizoctonia decreased in abundance in response to 375 

repeated waterlogging only. No fungal genera responded to both single and repeated waterlogging. 376 

Of the six soil bacterial genera that responded to waterlogging (together represenƟng 1.33% of 377 

reads), all six increased in abundance to single waterlogging. Of the ten root bacterial genera that 378 

responded to waterlogging (together represenƟng 1.18% of reads), eight increased and two 379 

decreased in abundance in response to single waterlogging. Only Geomonas responded to repeated 380 

waterlogging where it increased in abundance in both root and soil communiƟes.  381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 
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Table 7. Fungal and bacterial genera with signiĮcant (p < 0.05) diīerenƟal abundance between 396 

control and waterlogged samples in the 2022 experiment aŌer single and repeated winter 397 

waterlogging. For each genus, mean normalised abundance across samples, percentage of the total 398 

populaƟon (reads), log-2-fold-change (log2FC) where a posiƟve value indicates an increase in 399 

abundance in response to waterlogging, and p-values adjusted for mulƟple tesƟng are included for 400 

each Ɵmepoint and overall across all samples. 401 

  Single waterlogging   Repeated waterlogging   Overall  

Genus Abundance log2FC p (adj)  Abundance log2FC p (adj)  Abundance 

Total 
(%) 

Soil Fungi                  

Thelonectria 1190 0.96 0.9755  2073 5.44 < 0.0001 *** 1631 1.83 

Cadophora 99 5.61 0.0045 ** 872 0.82 0.9805  486 0.54 

Chaetomium 70 5.54 0.0318 * 75 2.88 0.5388  72 0.08 

Hirsutella 2 -0.66 0.9755  123 6.95 0.0023 ** 63 0.07 

Root Fungi                  

Gibellulopsis 13120 -2.77 0.0260 * 117 -1.51 0.8624  6619 10.74 

Plectosphaerella 1902 -0.83 0.5265  477 -4.47 0.0374 * 1190 1.93 

JuxƟphoma 1170 -27.87 < 0.0001 *** 6 -2.92 0.9605  588 0.95 

Thelonectria 478 0.32 0.8733  518 6.96 < 0.0001 *** 498 0.81 

Rhizoctonia 0    252 -13.55 0.0001 *** 126 0.20 

Cephalotrichum 107 -5.44 0.0160 * 77 -1.78 0.9820  92 0.15 

Soil Bacteria                  

Geomonas 642 6.78 < 0.0001 *** 115 7.59 < 0.0001 *** 378 0.72 

Clostridium 250 2.18 < 0.0001 *** 44 1.91 0.4716  147 0.28 

Trichococcus 188 7.78 < 0.0001 *** 2 2.00 0.9893  95 0.18 

Massilia 55 4.42 0.0001 *** 15 -0.10 0.9893  35 0.07 

Geobacter 51 3.15 0.0001 *** 5 2.12 0.9893  28 0.05 

Ramlibacter 27 5.82 < 0.0001 *** 4 4.83 0.7249  15 0.03 

Root Bacteria                  

Cellvibrio 353 -3.15 < 0.0001 *** 109 -0.86 0.9436  231 0.41 

Cellulomonas 297 4.03 < 0.0001 *** 21 1.48 0.7810  159 0.28 

Geomonas 130 6.93 < 0.0001 *** 10 6.67 0.0158 * 70 0.12 

Duganella 75 3.19 0.0102 * 29 -1.99 0.7491  52 0.09 

Clostridium 62 4.43 < 0.0001 *** 4 4.01 0.7057  33 0.06 

Trichococcus 65 7.13 < 0.0001 *** 0  
  33 0.06 

AcƟnotalea 51 3.57 0.0013 ** 4 2.11 0.9919  27 0.05 

Arenibacter 50 -4.10 0.0010 *** 3 -2.94 0.9436  27 0.05 

Massilia 45 3.39 0.0090 ** 2 2.05 0.9919  23 0.04 

Sanguibacter 20 7.07 < 0.0001 *** 0  
  10 0.02 

*, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001, respecƟvely. 402 

 403 
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 404 

Figure 6. Fungal and bacterial genera with signiĮcant diīerenƟal abundance between control and 405 

waterlogged samples aŌer single (Ɵmepoint 1) or repeat (Ɵmepoint 2) waterlogging. Heatmap values 406 

show the natural log of abundance + 1 with grey cells indicaƟng the genus was not idenƟĮed in the 407 

sample. 408 
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Discussion 409 

We analysed the eīects of winter waterlogging on the soil and apple root microbiota that persisted 410 

for 6–9 months aŌer waterlogging treatments. Fungal and bacterial root and soil community size, 411 

alpha diversity, community structure, and relaƟve abundance of genera was invesƟgated aŌer single 412 

winter waterlogging across experimental replicates and aŌer single and repeated waterlogging in 413 

consecuƟve winters for the 2022 experiment.  414 

It should be noted that sampling intervals varied between experimental replicates: In the 2022 415 

experiment samples were collected 9-months aŌer the Įrst treatment in September, but aŌer the 416 

second treatment and in the 2023 experiment samples were collected 6-months aŌer treatment in 417 

June. While this confounds experimental replicate and treatment repeƟƟon with precise sampling 418 

Ɵme, it does not alter the fundamental observaƟon of a treatment response. Instead, this variaƟon 419 

likely contributes to the observed diīerences between experimental replicates. 420 

Community dynamics 421 

Community size, diversity, and structure were primarily driven by experimental year (replicate) and 422 

temporal succession rather than the waterlogging treatment. Community size, alpha diversity, and 423 

community structure (beta diversity) of most communiƟes varied signiĮcantly between experimental 424 

years. Community size grew over Ɵme in the 2022 experiment (tables 3). Alpha diversity decreased 425 

over Ɵme in fungal and bacterial root communiƟes and increased over Ɵme in fungal and bacteria 426 

soil communiƟes in the 2022 experiment (table 3). Community structure (beta diversity) shiŌed 427 

consistently over Ɵme in the 2022 experiment (Įgure 3) which was captured by the major axes of 428 

variaƟon (PC1–3, table 4) in each community. Most communiƟes had very high variaƟon in alpha 429 

diversity and community structure between blocks within experiment (tables 2 and 4). The high 430 

variaƟon between experimental years and the strong temporal development of microbial 431 

communiƟes resulted in limited overlap in community structure between experimental years or 432 

sampling Ɵmepoints and therefore limited eīect of waterlogging that across experimental years and 433 

Ɵmepoints. The dominance of the experimental replicate eīect over the waterlogging treatment 434 
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suggests that the microbial response to waterlogging is a small change in trajectory determined in 435 

part by the community’s iniƟal composiƟon. This explains why consistent responses in community 436 

structure were only observed in a small, specialised subsets of the root fungal and soil bacterial 437 

populaƟons, likely the obligate aerobes and anaerobes idenƟĮed by diīerenƟal abundance analysis. 438 

Community changes due to single waterlogging 439 

The fungal response to single waterlogging was diīerent between root and soil compartments. 440 

Fungal root communiƟes were more resilient, and their alpha diversity was mostly unaīected, 441 

although evenness changed in an experimental replicate-dependent manner (table 2). Their shiŌ in 442 

community structure (beta diversity) was also partly dependent on experimental replicate (table 4). 443 

Conversely, fungal soil communiƟes experienced a consistent decline in richness, diversity, and 444 

evenness independent of experimental replicate, but their community structure was not signiĮcantly 445 

aīected. This suggests that the roots act as a buīer, prevenƟng loss of fungal diversity but allowing 446 

communiƟes to shiŌ in response to waterlogging depending on their iniƟal composiƟon, while fungal 447 

soil communiƟes are less protected by the host and the exposure to the harsh chemical shiŌs 448 

experienced in the bulk soil during waterlogging results in a decline in richness, diversity, and 449 

evenness regardless of their iniƟal composiƟon. This decline in soil fungal diversity was much smaller 450 

than the diīerences between experimental years and spaƟal variability (block within experiment), 451 

but its persistence 6–9 months aŌer winter waterlogging and through the subsequent growing 452 

season indicates that the communiƟes struggle to fully recover and stay in a stable simpliĮed state. 453 

The trajectory of fungal root communiƟes aŌer waterlogging is likely modulated by the plant host, 454 

which was not signiĮcantly aīected by 4-weeks of winter waterlogging in terms of growth in height 455 

or stem diamteter.  456 

In contrast, bacterial communiƟes experienced a consistent increase in richness and diversity in roots 457 

and richness in soil independent of experimental replicate, but their changes in evenness were 458 

dependent on experimental replicate. Their community structures were largely unaīected by single 459 

waterlogging, but small sub-populaƟon of soil bacteria consistently responded to waterlogging 460 
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independent of experimental replicate (PC3, table 4). The observed increase in richness and diversity 461 

in response to waterlogging suggests an expansion of anaerobic niches that results in long term 462 

diversiĮcaƟon of bacterial communiƟes. This appeared to lead to a targeted shiŌ in a small 463 

populaƟon of soil bacteria that persisted throughout the subsequent growing season. DiīerenƟal 464 

abundance analysis conĮrmed that this sub-populaƟon consists primarily of anaerobes (table 6) 465 

which increased in abundance in response to waterlogging, suggesƟng that while the broader 466 

community is dominated by spaƟal and temporal variability, winter waterlogging favours a speciĮc 467 

anaerobic niche that persists long aŌer the stress is alleviated.  468 

Together, these Įndings contrast with previous Įndings in rapeseed rhizosphere where fungal 469 

richness and diversity increased and bacterial richness and diversity decreased 5–10 days aŌer 470 

waterlogging under controlled indoor condiƟons during acƟve growth [12]. This discrepancy is likely 471 

due to sampling Ɵming in relaƟon to waterlogging, and host and microbiome phenology at sampling. 472 

While Wasim et al captured the immediate microbiota response (5–10) days aŌer waterlogging, our 473 

6–9-month post-treatment sampling reveals a persistent legacy eīect. While waterlogging during 474 

acƟve growth may iniƟally trigger increased fungal and decreased bacterial diversity, our Įndings 475 

indicate that the long-term eīect of waterlogging during dormancy is a simpliĮed fungal community 476 

and richer bacterial community.  477 

Community changes due to repeated waterlogging 478 

Alpha diversity had very limited responses across single and repeated waterlogging in the 2022 479 

experiment and were largely dependent on waterlogging repeƟƟon (Ɵmepoint, table 3). Changes in 480 

fungal root evenness, fungal soil diversity and evenness, and bacterial root richness depended on 481 

waterlogging repeƟƟon, while bacterial soil evenness decreased in response to waterlogging 482 

independent of waterlogging repeƟƟon. This contrasts with the consistent decline in soil fungal alpha 483 

diversity and increase in bacterial alpha diversity independent of experimental replicate in response 484 

to single waterlogging. This suggests that microbial communiƟes adapt to waterlogging and do not 485 
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experience the same declines or increases in alpha diversity aŌer subsequent winter waterlogging 486 

treatments. 487 

Despite substanƟal changes in community structure (beta diversity) over Ɵme (Įgure 4), all fungal 488 

and bacterial root and soil communiƟes in the 2022 experiment shiŌed consistently in response to 489 

single and repeated waterlogging independent of treatment repeƟƟon. The shiŌ in the bacterial root 490 

and soil communiƟes aīected speciĮc sub-populaƟons (PC3, table 5) also independent of 491 

waterlogging repeƟƟon. DiīerenƟal abundance analysis revealed an increase in Geomonas in 492 

bacterial root and soil communiƟes aŌer both single and repeated waterlogging treatments. This is 493 

in contrast with the limited, experimental replicate-dependent, eīects in response to single 494 

waterlogging, suggesƟng that changes in community structure are dependent on their ecological 495 

background and are reinforced by subsequent waterlogging treatments. While only small sub-496 

populaƟons responded to waterlogging, the persistence of these eīects 6–9 months aŌer treatment 497 

highlights that the eīects of waterlogging during dormancy carry over into the following growing 498 

season, potenƟally impacƟng nutrient cycling, stress tolerance, and disease outcomes when the 499 

trees resume acƟve growth. 500 

Our Įndings are broadly consistent with literature which shows that, within a speciĮc experimental 501 

context, waterlogging has a minimal eīect on alpha diversity and results in consistent shiŌs in 502 

community structure, especially in bacterial communiƟes [9–12]. However, our Įndings idenƟĮed 503 

dominant eīects of experimental year, spaƟal (block) variaƟon, and temporal succession, leading to 504 

the conclusion that the long-term eīects of winter waterlogging on the microbiota depended on its 505 

ecological background, which is not well represented in the literature. These Įndings relied on 506 

experimental replicaƟon in subsequent years which is rarely invesƟgated in similar experiments in 507 

the literature. Studies have found high spaƟal variability in waterlogging response between 508 

periodically waterlogged Įelds [9] and variability in waterlogging response between growth stages in 509 

sugarcane (Saccharum oĸcinarum) [11]. This tentaƟvely support our Įndings that the microbiota 510 
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response to waterlogging is dependent on its iniƟal community but are inconclusive without further 511 

invesƟgaƟon. Our work highlights the need for experimental replicaƟon in studies where the 512 

microbiota response to a treatment may be dependent on its iniƟal structure. 513 

Future studies should include full experimental replicaƟon and high temporal resoluƟon to track the 514 

trajectories of disƟnct microbiota from the onset of hypoxia throughout the following growing 515 

season. Waterlogging treatments should also be applied in diīerent seasons to compare the 516 

microbiota response to waterlogging during diīerent host phenological and climate condiƟons.  517 

Taxonomic legacy of waterlogging 518 

Bacterial communiƟes exhibited an anaerobic legacy that persisted long aŌer re-oxygenaƟon. While 519 

this could be due to detecƟon of DNA from organisms that died aŌer re-oxygenaƟon, our sampling 520 

6–9 months aŌer reoxygenaƟon makes this unlikely. Instead, this was likely caused by the persistence 521 

of anaerobic bacteria within anaerobic microsites or bioĮlms which have been demonstrated in 522 

agricultural soils [31,32]. 523 

The uniform enrichment of Geomonas, Geobacter, and Desulfuromonas aŌer single waterlogging 524 

across experimental years idenƟĮes these as core indicators of winter waterlogging in apple 525 

orchards. These genera belong to the Desulfuromonadales family and are strictly anaerobic, 526 

explaining their enrichment aŌer waterlogging [33,34]. Most signiĮcantly, the persistence of 527 

Geomonas 6–9 months aŌer waterlogging across experimental years and aŌer single and repeated 528 

waterlogging treatments suggests that once anaerobic niches establish in the soil or roots, they may 529 

form a stable component of the community that is not easily displaced even aŌer re-oxygenaƟon. 530 

Other studies have idenƟĮed Geobacter as a waterlogging biomarker in bulk soil and wheat (TriƟcum 531 

aesƟvum) rhizosphere soil [9,10]. Some Geobacter species have been found to Įx nitrogen and are 532 

potenƟally beneĮcial to plant hosts [34,35]. 533 

While immediate sampling aŌer waterlogging oŌen reveals an increase in abundance of water-borne 534 

fungal pathogens such as Fusarium [12], our longer-term results revealed a decline in potenƟal 535 
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pathogens with a decrease in abundance of the fungi Gibellulopsis and Plectosphaerella which are 536 

associated with diseases in a range of horticultural crops including melon, tomato, bell pepper, and 537 

cucurbits [36–38]. This suggests that winter waterlogging does not necessarily lead to persistent 538 

fungal pathogen dominance. Instead, the enrichment of Thelonectia points towards an enrichment 539 

of saprotrophs which are likely responding to waterlogging-induced root senescence. 540 

The enrichment of waterlogging-tolerant facultative anaerobic bacteria including Clostridium and the 541 

Micrococcales (Cellulomonas and Sanguibacter) aŌer single waterlogging across both experimental 542 

replicates suggests an opportunisƟc expansion into newly formed niches and highlights a shiŌ 543 

towards a community capable of anaerobic metabolism. Enrichment of Clostridium immediately aŌer 544 

waterlogging has been well-documented in rapeseed (Brassica napus) [12] and wheat [10] 545 

rhizosphere soil and we have demonstrated that this enrichment can persist through the growing 546 

season. The eīect on the host is unclear. Clostridium is pathogenic in kiwifruit (AcƟnidia chinensis) 547 

[39] and Cellulomonas and Sanguibacter contain members with plant growth-promoƟng acƟvity 548 

[40,41]. However, this opportunisƟc expansion was diminished aŌer repeated waterlogging with 549 

fewer genera maintaining their elevated abundance. Together with the Įndings that community 550 

structure (beta diversity) were aīected by waterlogging independently of waterlogging repeƟƟon 551 

(Ɵmepoint, table 5), this suggests a transiƟon from targeted enrichment of anaerobic bacteria aŌer 552 

single waterlogging to a more diīuse shiŌ in the community aŌer repeated treatment, and a 553 

potenƟal adaptaƟon of the microbiome to a more resilient state. The disrupƟon caused by the iniƟal 554 

waterlogging event likely allowed opportunists to dominate in newly formed niches, but repeated 555 

waterlogging may broadly select for a community adapted to ŇuctuaƟng oxygen levels that no longer 556 

exhibits large, erraƟc shiŌs in response to a waterlogging event.  557 

We observed an unexpected enrichment of strictly aerobic taxa (table 7) including the fungal 558 

Chaetomium and bacterial Burkholderiales (Ramlibacter and Massilia). Chaetomium is a known 559 

biocontrol agent of apple scab (Venturia inaequalis) [42] and apple valsa canker (Cytospora mali) [43] 560 
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and is antagonisƟc to European apple canker (Neonectria diƟssima) in vitro [44]. Ramlibacter and 561 

Massilia include members with plant growth-promoƟng acƟvity [45,46]. While this enrichment 562 

contrasts with previous Įndings which showed that Massilia was depleted immediately aŌer 563 

waterlogging in wheat rhizosphere [10], because our sampling occurred 6–9 months aŌer 564 

waterlogging, it likely represents a host-mediated recovery recruitment. As the soil reoxygenates, the 565 

host may acƟvely recruit these aerobic plant growth-promoƟng rhizobacteria (PGPR) and fungi 566 

(PGPF) in response to hypoxic stress. We did not observe this enrichment aŌer repeated treatment, 567 

suggesƟng the recruitment diminishes with successive waterlogging events as the host and 568 

microbiota adapts. This is supported by previous Įndings that Chaetomium is enriched aŌer single 569 

waterlogging [12] but is depleted in periodically waterlogged Įelds [11]. 570 

The long-term depleƟon of strictly aerobic saprotrophs Arenibacter and Cellvibrio highlights a 571 

protracted recovery period aŌer waterlogging. DepleƟon of aerobes immediately aŌer waterlogging 572 

has been previously reported [10], however the inability of these taxa to reestablish their 573 

populaƟons within a single growing season suggests that the disrupƟon caused by waterlogging can 574 

result in a suppression of the aerobic saprotroph community persisƟng for months. The discrepancy 575 

between our Įndings and studies reporƟng a depleƟon of aerobic PGPRs like Pseudomonas, 576 

Streptomyces, and Sphingomonas either immediately aŌer waterlogging [10] or aŌer persistent 577 

waterlogging over many years [11] is likely due to recovery Ɵme. While these bacteria may be 578 

depleted immediately aŌer waterlogging, they have the potenƟal to recover aŌer the return to 579 

normal condiƟons, but periodic waterlogging prevents this recovery. 580 

Conclusions 581 

CollecƟvely, these results show that the long-term legacy of winter waterlogging are small changes in 582 

fungal and bacterial root and soil communiƟes characterised by an enrichment of anaerobic bacteria 583 

(Geomonas) and a simpliĮed fungal community where potenƟal pathogens have declined. The 584 

enrichment of beneĮcial opportunists aŌer single but not repeated waterlogging suggests a 585 
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vulnerability of the microbiome where the recruitment of beneĮcial microbes is suppressed aŌer 586 

successive wet winters which could reduce plant growth, impair stress tolerance, and exacerbate 587 

disease. 588 
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Supplementary information 760 

Table S1. Full taxonomy of genera with signiĮcant diīerenƟal abundance between control and 761 

waterlogged samples. 762 

Kingdom Phylum Class Order Family Genus 

Fungi Ascomycota Dothideomycetes Pleosporales Didymellaceae Juxtiphoma 

Fungi Ascomycota Leotiomycetes Helotiales Helotiales(o) Cadophora 

Fungi Ascomycota Sordariomycetes Glomerellales Plectosphaerellaceae Gibellulopsis 

Fungi Ascomycota Sordariomycetes Glomerellales Plectosphaerellaceae Plectosphaerella 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Thelonectria 

Fungi Ascomycota Sordariomycetes Hypocreales Ophiocordycipitaceae Hirsutella 

Fungi Ascomycota Sordariomycetes Microascales Microascaceae Cephalotrichum 

Fungi Ascomycota Sordariomycetes Sordariales Chaetomiaceae Chaetomium 

Fungi Basidiomycota Agaricomycetes Cantharellales Ceratobasidiaceae Rhizoctonia 

Fungi Basidiomycota Agaricomycetes Sebacinales Serendipitaceae Serendipita 

Bacteria Actinobacteria Actinobacteria Micrococcales Cellulomonadaceae Cellulomonas 

Bacteria Actinobacteria Actinobacteria Micrococcales Cellulomonadaceae Actinotalea 

Bacteria Actinobacteria Actinobacteria Micrococcales Jonesiaceae Sanguibacter 

Bacteria Actinobacteria Actinobacteria Micrococcales Microbacteriaceae Lysinimonas 

Bacteria Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Arenibacter 

Bacteria Firmicutes Bacilli Lactobacillales Carnobacteriaceae Trichococcus 

Bacteria Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Ramlibacter 

Bacteria Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Massilia 

Bacteria Proteobacteria Betaproteobacteria Burkholderiales Oxalobacteraceae Duganella 

Bacteria Proteobacteria Deltaproteobacteria Desulfuromonadales Desulfuromonadaceae Desulfuromonas 

Bacteria Proteobacteria Deltaproteobacteria Desulfuromonadales Geobacteraceae Geomonas 

Bacteria Proteobacteria Deltaproteobacteria Desulfuromonadales Geobacteraceae Geobacter 

Bacteria Proteobacteria Gammaproteobacteria Cellvibrionales Cellvibrionaceae Cellvibrio 

 763 
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Table S2. Fungal and bacterial genera with signiĮcant (p < 0.05) diīerenƟal abundance between 764 

control and waterlogged samples in the 2022 experiment or 2023 experiment separately. For each 765 

genus, mean normalised abundance across samples, percentage of the total populaƟon (reads), log-766 

2-fold-change (log2FC) where a posiƟve value indicates an increase in abundance in response to 767 

waterlogging, and p-values adjusted for mulƟple tesƟng are included for each experiment and overall 768 

across all samples. 769 

  2022 Experiment   2023 Experiment   Overall 

Genus Abundance log2FC p (adj)   Abundance log2FC p (adj)   Abundance Total (%) 

Soil Fungi                     

Cadophora 84 5.60 0.0032 ** 29 -0.07 0.9808  57 0.08 

Chaetomium 59 5.53 0.0309 * 25 -2.86 0.7574  42 0.06 

Serendipita 0    69 6.96 0.0315 * 34 0.05 

Root Fungi                     

Ceratobasidium 76 0.97 0.6757  1081 5.67 0.0120 * 579 0.99 

Juxtiphoma 988 -26.70 < 0.0001 *** 1 0.55 0.8905  494 0.85 

Protoventuria 0    382 6.18 0.0120 * 191 0.33 

Serendipita 0 -0.54 0.8889  371 10.58 0.0003 *** 186 0.32 

Soil Bacteria                     

Geomonas 621 6.78 < 0.0001 *** 59 3.67 0.0017 ** 340 0.70 

Clostridium 242 2.18 < 0.0001 *** 7 1.22 0.9978  124 0.26 

Trichococcus 181 7.78 < 0.0001 *** 0 0.78 0.9978  91 0.19 

Desulfuromonas 84 1.58 0.1045  25 5.78 0.0036 ** 55 0.11 

Geobacter 49 3.15 0.0001 *** 52 3.03 0.3588  50 0.10 

Massilia 53 4.41 0.0001 *** 35 0.75 0.9978  44 0.09 

Ramlibacter 26 5.82 0.0001 *** 12 -0.91 0.9978  19 0.04 

Root Bacteria                     

Cellvibrio 361 -3.15 < 0.0001 *** 152 0.17 0.9932  256 0.47 

Cellulomonas 303 4.03 < 0.0001 *** 7 0.89 0.9932  155 0.29 

Geomonas 133 6.93 < 0.0001 *** 6 3.98 0.9932  70 0.13 

Duganella 76 3.19 0.0101 * 30 -4.98 0.9932  53 0.10 

Massilia 46 3.39 0.0087 ** 29 -1.25 0.9932  37 0.07 

Arenibacter 51 -4.10 0.0009 *** 22 -3.43 0.9932  36 0.07 

Trichococcus 67 7.13 < 0.0001 *** 0    33 0.06 

Actinotalea 52 3.57 0.0013 ** 12 -2.49 0.9932  32 0.06 

Clostridium 63 4.43 < 0.0001 *** 0    32 0.06 

Sanguibacter 21 7.06 0.0001 *** 19 -6.56 0.9932   20 0.04 

 770 


