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Introduction

A quantitative review was performed on the effectiveness of peroxygen products that contain hydrogen peroxide (HP), peracetic acid (PAA) and potassium peroxy-monosulfate (PPMS) to eliminate non-fungal plant pathogens in agricultural and horticultural cropping systems.





Methods

This quantitative analysis is a complementary follow-up to a previous study on efficacy of peroxygen against fungal plant pathogens. The meta-analysis evaluated the biocidal activity of peroxygen intervention treatments against 15 different non-fungal plant pathogens in 81 studies compared to independent non-treated controls that were conducted over the last 30 years.





Results

The overall summary effect size was a Hedges’ g ( ) of 1.98 for the random effects model, which indicates that peroxgen treatments caused a moderate to high reduction in viable propagules or disease progression in most cases. The range in efficacy was defined by the 95% prediction intervals (-0.82 to 4.80) and indicated peroxygen applications would range from ineffective to very highly effective in 95% of similar populations. Peroxygen compounds provided similar control (P = 0.5655) against bacteria, oomycetes and viruses, while being more effective against zygomycetes (P = 0.0001) than other organism types. Differences were observed between peroxygen active ingredients (a.i.) (P = 0.0203), where PPMS was more effective than HP + PAA. Differences were also observed when peroxygen compounds were applied on different target materials (P = 0.0004). Peroxygen compounds were moderately effective against non-fungal plant pathogens when applied in solution and on metal surfaces but ineffective when applied on plants under crop production conditions. Differences between target materials explained 50% of the true variances in a meta-regression model with the length of time peroxygens were in contact with target materials (P = 0.0416).





Discussion

These results show that although the current recommended dose and contact time for commercial peroxygen products are expected to result in pathogen inactivation, their efficacy will likely be influenced by the organism and material being treated. This analysis serves as a base reference for considering efficacy performance of peroxygen compounds against non-fungal plant pathogens.
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1 Introduction

Peroxygen compounds were discovered in the early 1800’s and have been used for a range of purposes, including fuel to power torpedoes. Hydrogen peroxide (HP) was first used as a disinfestant in a medical procedure in 1887 (Hugo, 1995) and to treat drinking water in Europe in the 1950’s (Luukkonen and Pehkonen, 2016). The initial registration of peroxygen compounds as pesticides in the United States was in 1968 for potassium peroxymonosulfate (PPMS), in 1977 for hydrogen peroxide (HP) and in 1985 for peracetic acid (PAA) (Anonymous, 1993; Block, 2001). To date, these three compounds are still the primary peroxygen active ingredients used in disinfestants registered for use in agricultural and horticultural settings. The earliest research on testing a peroxygen compound for inactivating a plant pathogen was reported in 1987 and 1991 (Brown, 1987; Brown and Schubert, 1987; Linfield, 1991). A majority of the literature on peroxygen activity against plant pathogens has been published only in the last two decades.

As a plant disease control strategy, disinfestants are used to eliminate or dramatically reduce the persistence of viable pathogen populations on surfaces of production areas, tools and equipment and crop products. The efficacy of peroxygen compounds, like that of other disinfestants, has been reported to vary when used to eliminate propagules of plant pathogens (Copes and Ojiambo, 2021a; Copes and Ojiambo, 2021b; Copes and Ojiambo, 2023a; Copes and Ojiambo, 2023b). This variability in efficacy appears to be evident for peroxygen compounds used to control non-fungal pathogens as well. For example, peroxygen compounds have been reported to control non-fungal plant pathogens over a range of doses (0.008 to 2.3% a.i.) and contact times (10 sec to 60 min) (Koponen et al., 1992; Afek et al., 1999; Lewandowski et al., 2010; Baysal-Gurel et al., 2015; Bernat et al., 2018; Darzi et al., 2020; Chanda et al., 2021). In contrast, a similar range of doses (0.08 to 1.19% a.i.) and contact times (2 sec to 60 min) provided poor to limited control of pathogen propagules in other studies (Koponen et al., 1992; Garton et al., 2008; Coutts et al., 2013; Warfield, 2013; Li et al., 2015; Darzi et al., 2020). Even in earlier studies, Brown (1987) and Brown and Schubert (1987) reported differences in the efficacy of peroxygen compounds, with better control against Xanthomonas campestris pv. vesicatoria than Penicillium digitatum and Phomopsis citri. Environmental conditions such as temperature, organic loads and water hardness, have been reported to reduce efficacy of peroxygen products against other micro-organisms (Merianos, 1991; Gerba, 2015). Demand load reactions of peroxygen products with substrate surfaces and differences in sensitivity to peroxygens can also influence the efficacy against plant pathogens (Nichols and Jodon, 1972; Koponen et al., 1992; Mebalds et al., 1997; Copes et al., 2020). However, these individual studies do not provide a broad evaluation of how different pathogen and application related factors could potentially influence product efficacy. Overall, peroxygen products have been reported to provide good control of plant pathogens but a better understanding of product strengths and limitations when used in agricultural and horticultural applications is still lacking.

Based on the above considerations, the objective of this research was to perform a systematic review and meta-analysis of the efficacy of peroxygen disinfestants to inactivate non-fungal plant pathogens. Systematic reviews are a structured approach to searching databases to find all available literature including negative results pertaining to the subject matter of interest (Borenstein et al., 2009; Li et al., 2012; Schmidt and Hunter, 2015). Meta-analysis is a quantitative statistical methodology to assess the consistency of treatment effects across different studies using an effect size and to determine overall trends (Borenstein et al., 2009; Madden and Paul, 2011; Ngugi et al., 2011a; Scherm et al., 2014). The effect size is a unitless measure that represents the magnitude and precision of each treatment effect compared to an independent control treatment. In this study, the meta-analysis was constructed on a broadly defined question; does peroxygen disinfestants provide consistent inactivation of non-fungal plant pathogens? This question assumes that peroxygen disinfestants have equal activity in all applications and against all taxonomic classifications of non-fungal plant pathogens. This question arises from the fact that product label instructions mainly specify rates based only on the targets of application, such as on nonporous surfaces, tools and plants, with limited reference to pathogen selectivity. If efficacy is not homogenous, then the influence of application-oriented factors such as disinfestant dose, contact time, sensitivity of taxonomic groups, type of substrate being treated, and type of peroxygen compound being applied may need further evaluation to better understand how and why these factors influence efficacy of peroxygen compounds.




2 Materials and methods



2.1 Systematic review

A systematic review of literature on use of peroxygen compounds against non-fungal plant pathogens was conducted in two phases. The first phase was a computerized literature search through the Navigator platform for DigiTop, USDA’s Digital Desktop library that consists of Agricola, AGRIS, Biological Abstracts, BIOSIS, CAB Abstracts, Environmental Complete, FSTA, Geobase, GeoRef, Medline, PubAg, Scopus and Web of Science; and through Google Scholar. The primary keywords used were various forms of the term ‘disinfest’, such as decontaminate, decontamination, disinfect, disinfectant, disinfection, disinfestant, disinfestation, sanitation, sanitize, and sterilant, as each word variation resulted in different search results. Additionally, relevant crops or plant tissues (e.g., apple, corm, crucifer, fruit, legume, potato, tuber), plant diseases (e.g., fire blight, bacterial wilt, black leg, olive knot, potato ring rot), non-fungal plant pathogens (e.g., Erwinia amylovora, E. carotovora, Ralstonia solanacearum, Xanthomonas campestris, Pythium, Phytophthora, Citrus exocortis virus, Potato virus Y, Potyvirus, Tobacco mosaic virus, Tobamovirus, Tomato chlorotic dwarf viroid), and tools and equipments (e.g., dump tank, foot bath, knife, pruning shear, seeder, transplanter) were used in combination with key search terms. In the second phase, additional relevant literature was obtained from the literature cited sections in each and subsequent manuscripts. To avoid selection bias, no attempts were made to distinguish search reports by publication type and hence ‘gray literature’ from non-peer reviewed sources were also considered (Pullin and Stewart, 2006). The systematic review process of the literature was atypical in that it was conducted over an extended period between October 2017 and January 2023. The quantitative analysis work started as a secondary activity that later developed into successional projects.

A total of 544 reports from the literature search were evaluated for inclusion in this study. To be included in this quantitative review, these reports were screened using a four-step process (Figure 1) involving five established criteria that are described in detail elsewhere (Copes and Ojiambo, 2021a; Copes and Ojiambo, 2021b; Copes and Ojiambo, 2023a; Copes and Ojiambo, 2023b). Product efficacy was evaluated based on a direct comparison between application of a peroxygen compound intervention and an independent non-treated control. More specifically, efficacy was assessed by either: i) inactivation of non-fungal plant pathogen propagules, ii) reduction in plant disease development or iii) postharvest decay caused by a non-fungal plant pathogen following disinfestation treatment. A workable description of the disinfestant application methodology was required. For most applications, the peroxygen compound needed to have had a contact time with the target material of no longer than 60 min. An exception was made for post-harvest applications where a contact time longer than 60 minutes was essential for efficacy. Preferably, pathogens were identified by the binomial name. Exceptions were made for Pythium spp. (Koponen et al., 1992; Ali, 2018) and Rhizopus spp. (Bernat et al., 2018) isolates, which were directly correlated with necrosis. Finally, data had to include a quantitative or qualitative numerical assessment from which an effect size and variance measurement could be generated.




Figure 1 | Schematic depiction of the number of studies reviewed, number of studies excluded, reasons for exclusion, and number of studies retained for use in the quantitative synthesis of the disinfestant efficacy of peroxygen compounds against non-fungal plant pathogens.



A total of 28 reports published between 1992 and 2021 met the above criteria (Figure 1; Supplementary Information.docx). The inclusion process identified 333 reports pertaining to control of plant pathogens with disinfestants, but then excluded 229 reports that involved application of other than a peroxygen compound, 49 reports that involved fungal pathogens and 27 reports that had other technical inconsistencies. From these reports, a total of 81 ‘studies’ (i.e., peroxygen treatment-study combinations) were compiled in the final database that comprised 18 studies on bacteria, 17 on oomycetes, 39 on viruses and 7 on zygomycetes (Supplementary Datafile.xlsx). Reports excluded from the final database for the meta-analysis either lacked sufficient statistical information or did not provide a direct independent comparison between a control and a peroxygen intervention treatment.




2.2 Peroxygen compounds tested

Eighteen different peroxygen products that contained HP, PAA, HP+PAA, or PPMS were evaluated in the meta-analysis (Table 1). Additionally, a Supplementary File (Supplementary Information.docx) contains a table listing select product label doses and relative categorical ratings of the doses by product (Supplementary Table 2).


Table 1 | Percent active ingredient composition of commercial peroxygen compounds used in the synthesis of studies on the use of these products as disinfestants of non-fungal plant pathogens.






2.3 Data acquisition

All efficacy results were data recorded at a single time point during or at the end of a trial as dictated by trial design. Multiple study characteristics were taken from a single report only when each had an independent control treatment. If multiple study characteristics provided the same difference in efficacy with an increase in dose or time, then only the lowest dose or shortest time treatment was selected to avoid putting more weight to results from a single experiment.

For a study reporting standard errors or least significant differences based on t-tests, variances were converted to standard deviation values (Cumming et al., 2007). Where the residual variance was not reported, it was calculated from Fisher’s least significant difference values reported in the study, as described by Ngugi et al. (2011b). For reports where means and variances were presented in graphs or bar charts, values were transcribed using digital calipers (Fisherbrand ISO 17025, Pittsburg, PA) (Copes and Ojiambo, 2021a; Copes and Ojiambo, 2021b). Intervention treatments with a mean of zero and a variance of zero had their means adjusted by adding a correction factor of 0.5 for percentage or count data and 0.005 for proportional data (Friedrich et al., 2007; Cheng et al., 2016). In such a case, the variance for the untreated control was used as the variance for the intervention treatment. For a report with zero variance, where the untreated control mean had a maximum value of a scale, such as 100 or 1, and the intervention treatment had a mean of zero, values were entered as binomial data of the number of viable or non-diseased outcomes.




2.4 Effect size and data synthesis

Hedges’ g, an unbiased standardized mean difference (Hedges, 1981), was the metric used to estimate effect size in this study. For studies with binomial data, an effect size was first computed as the log odds ratio and then converted to Hedges’ g (Borenstein et al., 2009). Hedges’ g was calculated as follows (Borenstein et al., 2009):  , where   and   are the mean disease intensity or propagule viability for the treated and untreated experimental units, respectively. The parameter σpooled is the pooled standard deviation estimate and was estimated as described by Rosnow and Rosenthal (1996). The term J is a correction factor for bias due to a small sample size and was calculated as described by Hedges and Olkin (1985). A positive Hedges’ g value indicates a higher efficacy for the product treatment than the untreated control, with large values of g indicating a strong difference between the treated and untreated control. Values of Hedges’ g = 0.5, 1.0 and 2.0 represent a ‘small’, ‘medium’, and ‘large’ effect, respectively, while g > 4.0 represents a ‘very large’ effect (Durlak, 2009). Meta-analysis was performed using Comprehensive Meta-Analysis 3.0 software (CMA version 4.0, Biostat, Englewood, NJ, USA).

The overall mean effect size ( ) was estimated using a random-effects (RE) model. The RE model was used since the population of studies evaluated in this synthesis represented a diverse population of plant pathogens, production systems, research conditions, experiment designs and data scales (Borenstein et al., 2009). Heterogeneity of effect sizes was characterized using Q-statistics, which include Q, I2 and τ2 (Higgins and Thompson, 2002), and the 95% prediction interval (Borenstein, 2019). Each of these statistics define complementary but unique measures of heterogeneity. The statistic Q provides a standardized measure of the observed variance in effect sizes but is not in the metric of the effect sizes. The statistic I2 is a ratio of the variance in true effect sizes attributable to heterogeneity across the total observed variance. Thus, I2 = 0% indicates the total variance is attributable to sampling error (the within-study variance), while I2 = 25, 50 and 75% indicate a low, moderate and high proportion of the total variance, respectively, attributable to true effects (Higgins et al., 2003). Finally, the statistic τ2 is the between-study variance of true effect sizes in the actual metric of the effect size and was interpreted as described by Durlak (2009). The 95% prediction interval, explained in the following section, is the measure of how much the effect size actually varies across populations, not I2 or τ2.




2.5 Subgroup analysis of categorical moderator variables

Four categorical moderator variables (organism type, genus, peroxygen a.i. and target material), were defined to determine if specific pathogen-related or application-oriented factors influenced peroxygen efficacy using subgroup analysis (Copes and Ojiambo, 2021b). The initial subgroup analysis was conducted on organism type, which consisted of four subgroups of plant pathogens, i.e., bacteria (k = 18), oomycetes (k = 17), viruses (k = 39) and zygomycetes (k = 7). All subsequent subgroup and meta-regression analyzes were conducted on datasets of treatment effects on the bacteria, oomycetes and viruses composite (= BacOoVir) and not on zygomycetes. Additionally, studies were re-evaluated for inclusion in each analysis to consider impact from influential data points from either excessively high doses, excessively high contact times or subgroups within a set of a categorical moderator having less than four studies. A small number of high doses and high contact times within a subgroup relative to the range of other data points provided too high of influence that affected accuracy of meta-regression analyzes. For the genera and peroxygen a.i. moderators of the BacOoVir composite, studies were removed due to either high dose (k = 4), high contact time (k = 5) or subgroups with less than four studies (k = 14). The BacOoVir genera examined were Clavibacter (k = 6), Pseudomonas (k = 4), Phytophthora (k = 5), Pythium (k = 6), Pospiviroid (k = 5) and Tobamovirus (k = 29). The BacOoVir peroxygen a.i. examined were HP (k = 4), HP+PAA (k = 24) and PPMS (k = 27). For analyzes on the BacOoVir target moderator, studies were removed due to high dose (k = 4), high contact time (k = 5) and subgroups with less than four studies (k = 19). Target subgroup materials examined for BacOoVir were metal (k = 16), plant (k = 4), and solution (k = 30). The solution subgroup was comprised of various water sources with plant pathogen propagules in suspension.

Subgroup analysis was performed individually on each categorical moderator variable to evaluate differences in subgroup effect sizes as described by Copes and Ojiambo (2021b). Briefly, the null hypothesis that all subgroups were equal was tested using the Q-test for heterogeneity (Borenstein et al., 2009), where the statistics I2 and τ2 test differences in heterogeneity between studies within subgroups. A pooled estimate of τ2 was used for all subgroup analyzes because some subgroups consisted of less than ten studies (Borenstein, 2019). Direct pairwise comparisons of subgroup means were made using a Z-test and comparisons were considered statistically different if the P-value was less than the Bonferroni correction for multiple pairwise comparisons (Borenstein, 2019). The 95% prediction interval for   and subgroup   was calculated using the RE model as described by Borenstein (2019).




2.6 Meta-regression of moderator variables

Meta-regression (Borenstein et al., 2009; Madden and Paul, 2011) was used to assess the effects of continuous and categorical moderators on peroxygen efficacy using a RE model as described by Copes and Ojiambo (2021a; 2021b). Briefly, a full meta-regression model consisted of an intercept (βo), a continuous moderator as the second term, a continuous or categorical (set of subgroups) moderator as the third term, an interaction between the two moderators as the fourth term only if significant, and the random effects term (Copes and Ojiambo, 2021a; Copes and Ojiambo, 2021b). Thus, with two continuous moderators and three categorical moderators, a total of seven meta-regression models with two explanatory variables were performed for each organism type to evaluate all combinations. Sample size for each meta-analysis was dependent on the categorical moderator due to exclusion of subgroups with a sample size less than four, as explained above in the subgroup analysis section. Additionally,   for each subgroup within the categorical moderator was compared to the reference subgroup of the set. In this case, β0 in the RE meta-regression represents the reference subgroup and the coefficient equals the predictive   for the reference subgroup. Further, an R2-analog was calculated with the incremental addition of each model term and each subgroup within the set of a categorical moderator. The R2-analog is the ratio of the between-study variance in true effect sizes explained by the model to the total variance in true effect sizes. This provides an evaluation of the proportion of true variance explained by moderator variables and subgroups in the model that was considered important for evaluating impact of the moderators (Borenstein et al., 2009). For simplicity, the R2-analog in this study is referred to as R2.

Continuous and categorical moderators were rescaled or re-coded, respectively, within each organism type and categorical moderator dataset. Continuous variables (dose and time) were rescaled to have a mean of zero, where zero represents a meaningful value within a balanced range of negative and positive values. This allows for substantive interpretation of interactions and reduces but does not eliminate correlation problems due to clustered data values (Aiken and West, 1991; Borenstein et al., 2009). Categorical moderators were re-coded for the entire set of subgroups affiliated with genus, peroxygen a.i. or target moderators, where a subgroup was dummy coded with a value of 1 for all relevant studies and 0 otherwise (Copes and Ojiambo, 2021a, b). Thus, interaction values were generated between continuous and categorical variables specifically for the studies with a dummy code of 1.




2.7 Small-study bias

Funnel plots and the Egger’s regression test (Egger et al., 1997; Borenstein et al., 2009) were used to evaluate reporting bias in this study. In the absence of reporting bias, a funnel plot will be symmetrical in shape, with the data points scattered in the shape of a funnel centrally around  , while the plot will be asymmetrical in the presence of reporting bias. The null hypothesis for the Eggers’s test is that plot symmetry exists, with the alternative indicating asymmetry is present. In case of significant asymmetry, the trim and fill method (Duval and Tweedie, 2000) was used to calculate the number of studies assumed to be missing due to publication bias, to estimate their effect sizes and standard errors and to recompute an estimate of   and its 95% confidence interval. The trim and fill method provides a simple, commonly used method to investigate asymmetry due to publication bias. However, this method does not address distribution asymmetry due to heterogeneity, thus it was used more as a form of sensitivity analysis. In this study, statistically more complex methods (Hedges and Vera, 2005; Koricheva et al., 2013; Shi and Lin, 2019) were not investigated to evaluate what factors affected any observed asymmetry.





3 Results



3.1 Product efficacy and standardized mean effect size

Values of g across the 81 studies that were examined ranged from -0.8 to 12.7 (Figure 2. Supplementary Datafile.xlsx) and the distribution of g was overall, symmetrical around the mean effect size (Figure 3). When peroxygen efficacy was expressed as the difference in suppression between an untreated control and a treatment intervention (for continuous data) or the difference in frequency of recovery between an untreated control and a treatment intervention (for binomial data), studies with a g <0.5 had a percent control <11%, studies with a g of 2 to 4 had a percent control >56%, while studies with a g >4 had a percent control >74% with one outlier value of 37% (Figure 4). Heterogeneity existed in these data sets (Tables 2–4) but only limited reference is made about heterogeneity in the results and discussion sections.




Figure 2 | Forest plot of ordered magnitude of Hedges’ g standardized mean differences effect size for 81 studies conducted to assess the efficacy of peroxygen compounds as a disinfestant on fungi. An effect size provides a non-unit measurement of the effective reduction in the number of viable propagules or in disease development due to the application of a peroxygen compound compared to a non-treated control that has been standardized using study variances. Symbols refer to g for an individual study involving bacteria (closed diamond), oomycete (half-closed circle), virus (open triangle) and zygomycetes (half-closed square), while the whiskers represent the 95% confidence interval. The vertical dashed line represents the estimated overall mean effect size (  = 1.98) across all studies.






Figure 3 | Number of studies in 1.5-integer categories of Hedges’ g for the standardized mean difference between treated and non-treated controls based on a synthesis of studies obtained in the literature on efficacy of peroxygen compounds (k = 81). Values of g = 0.5, 1.0, and 2.0 represent a ‘small’, ‘medium’, and ‘large’ effect, respectively, while g ≥ 4.0 represents a ‘very large’ effect.






Figure 4 | Scatter plot of Hedges’ g and the percent control associated with a peroxygen compound treatment intervention compared to an untreated control for data measured as a standardized mean difference (open triangle symbol) and a difference in the binomial outcome of pathogen viability or disease progression (open circle symbol). The vertical dotted lines are the values of g = 0.5, 1.0, 2.0 and 4.0 that represent a ‘small’, ‘medium’, ‘large’ and ‘very large’ effect, respectively. The vertical dashed line is the estimated overall mean effect size (  = 1.98) across all entries based on the random effects model.




Table 2 | Effect size estimates, summary statistics and prediction intervals from random-effects analyzes for categorical variables used to assess efficacy of quaternary ammonium compounds as a disinfestant against organism types of non-fungal plant pathogen.




Table 3 | Random-effects meta-regression analysis of the effect of a continuous moderator, dose (Model 1) or time (Model 2) with a set of categorical subgroups of the moderator peroxy active ingredient (= Peroxy a.i.) on the efficacy of peroxygen compounds in disinfesting plant pathogenic bacteria, oomycetes and viruses (BacOoVir).




Table 4 | Random-effects meta-regression analysis of the effect of a continuous moderator, dose (Model 1) or time (Model 2) with a set of categorical subgroups of the moderator target materials on the efficacy of peroxygen compounds in disinfesting plant pathogenic bacteria, oomycetes and viruses (BacOoVir).






3.2 Effect of peroxygen efficacy against all organism types

The overall   across all studies (k = 81) was 1.98. The 95% confidence interval (CI) of   (lower 95% CI = 1.610, upper 95% CI = 2.341) did not include zero, indicating that   was significantly (P < 0.0001) greater than zero. For organism type, efficacy of peroxygens were higher (P = 0.0125, Bonferroni correction factor) when used against zygomycetes than against bacteria, oomycetes and viruses, with efficacy being similar for the latter three organism types (Table 2). Based on   of organism subgroups, peroxygen compounds were highly effective against zygomycetes (  = 4.62) and moderately effective against bacteria (  = 1.82), oomycetes (  = 2.34) and viruses (  = 1.46) (Table 2). Based on comparisons between organism types in the subgroup analysis, bacteria, oomycetes and viruses were grouped as a composite organism type, i.e., BacOoVir, for subsequent data analysis. For zygomycetes (k = 7), sample sizes were too small per subgroup to perform further analyzes, with two peroxygen a.i. subgroups (HP+PAA, PPMS) and three target material subgroups (fruit, plastic, wood). Further, only one zygomycete genus, Rhizopus, was available.




3.3 Meta-regression of peroxygen efficacy due to dose and contact time, genus and peroxygen a.i. and subgroup analysis of genus and peroxygen a.i.

The overall   across the BacOoVir studies (k = 55) treated with peroxygen compounds was 1.53. The meta-regression model that contained the two continuous moderators, dose and time, was not significant (P = 0.6766). Further, the meta-regression models with dose and genus (P = 0.9851) and time and genus (P = 0.8487) were not significant. Likewise, a subgroup analysis found no differences in   between genus subgroups (P = 0.9659) (Table 2). The genus subgroups Dickeya (k = 1), Erwinia (k = 2), Xanthomonas (k = 3), Peronospora (k = 1), Plasmodiophora (k = 1), Plasmopara (k = 1), Potexvirus (k = 3) and Potyvirus (k = 2) were excluded from subgroup and meta-regression analyzes because sample size was less than four (Figure 5). The range of   across all fifteen genus subgroups indicate differences between genera could exist if a larger number of studies was available (Figure 5).




Figure 5 | Effect of the moderator variable genus on the Hedges’ g standardized mean difference of disease reduction based on a synthesis of studies obtained in the literature on the efficacy of peroxygen compound disinfestant interventions (k = 55). Values of g = 0.5, 1.0, and 2.0 represent a ‘small’, ‘medium’, and ‘large’ effect, respectively, while g ≥ 4.0 represents a ‘very large’ effect. The vertical dashed line is the estimated overall mean effect size (  = 1.53) across all entries based on the random effects model. Open circles represent the mean g for each target material, while the horizontal line represents the 95% confidence interval of the mean g for each subgroup. Genus subgroups Dickeya, Erwinia, Xanthomonas, Peronospora, Plasmodiophora, Plasmopara, Potexvirus, and Potyvirus were represented by a mean g without the 95% confidence intervals because subgroups represented by fewer than 4 studies were excluded from subgroup analysis. Additionally, Rhizopus that was shown to have a higher subgroup   in a separate analysis was included.



The efficacy of peroxygen compounds was higher (P = 0.0167, Bonferonni correction factor) for PPMS products (  = 2.02) than for HP+PAA products (  = 1.10), while neither were different from HP (  = 1.06) (Table 2). The 95% prediction intervals indicated that the efficacy of products from similar populations containing PPMS could range from low to high (lower 95% PI = 0.14, upper 95% PI = 3.91), while the efficacy of products with HP (lower 95% PI = -1.05, upper 95% PI = 3.18) and HP+PAA (lower 95% PI = -0.78, upper 95% PI = 2.99) could range from ineffective to highly effective (Table 2).

The RE meta-regression models showed similar response patterns between peroxygen a.i. subgroups when regressed with dose (P = 0.0523, Model 1) and time (P = 0.0416, Model 2) (Table 3). Neither dose (P = 0.9555, Model 1) or time (P = 0.4679, Model 2) were significant as moderators. However, the set of peroxygen a.i. subgroups was significant in both the dose (P = 0.0238, Model 1) and time (P = 0.0240, Model 2) models and each explained 12% of the true variance (R2 = 0.12) (Table 3). Within the peroxygen a.i. set of subgroups, the estimated   of the HP+PAA subgroup was -0.93 and -0.92 lower than the reference subgroup PPMS in the dose (P = 0.0127, Model 1) and time (P = 0.0087, Model 2) models, respectively (Table 3). Despite the overall similarities, the P-value was slightly higher than 0.05 in the dose and peroxygen a.i. model (P = 0.0523) and lower than 0.05 in the time and peroxygen a.i. model (P = 0.0416) (Table 3).




3.4 Sub-group analysis of peroxygen efficacy on target materials and meta-regression with dose and time

Peroxygen products had a higher efficacy (P = 0.0167, Bonferroni correction factor) against BacOoVir plant pathogens when applied in solution (  = 1.62) and to metal (  = 1.58) than when applied to plants (  = -0.37) (Table 2, Figure 6). The 95% prediction intervals indicated efficacy of peroxygen products ranged from low or ineffective to moderate or high on the three target materials (Table 2).




Figure 6 | Effect of the moderator variable target material on the Hedges’ g standardized mean difference of disease reduction based on a synthesis of studies obtained in the literature on the efficacy of peroxygen compound disinfestant interventions (k = 50). Values of g = 0.5, 1.0, and 2.0 represent a ‘small’, ‘medium’, and ‘large’ effect, respectively, while g ≥ 4.0 represents a ‘very large’ effect. The vertical dashed line is the estimated overall mean effect size (  = 1.44) across all entries based on the random effects model. Open circles represent the mean g for each target material, while the horizontal line represents the 95% confidence interval of the mean g for each subgroup. Target subgroups cloth, fruit, plastic, rockwool, seed and wood were represented by a mean g without the 95% confidence intervals because subgroups represented by fewer than 4 studies were excluded from subgroup analysis.



The RE meta-regression models showed similar response patterns between target subgroups when regressed with dose (P = 0.0012, Model 1) and time (P = 0.0001, Model 2) (Table 4). Dose (P = 0.3968, Model 1) was not significant as a moderator but time (P = 0.0066, Model 2) was significant (Table 4), regardless time did not explain any of the true variance (R2 = 0.00) (Table 4). The set of target subgroups as a moderator was significant in both the dose (P = 0.0004, Model 1) and time (P = 0.0001, Model 2) models (Table 4). The plant subgroup was 2.17 and 2.60 lower than the solution subgroup in model 1 (P = 0.0001) and model 2 (P = 0.0001), respectively. A greater amount of true variance was explained with time and target (R2 = 0.50, Model 2) than with dose and target (R2 = 0.32, Model 1) (Table 4).




3.5 Small-study bias assessment

Estimated effect sizes for bacteria, oomycetes, viruses and zygomycetes (n = 81) were distributed within the top half of the funnel but some values with standard errors < 0.70 were spread outside the left side of the funnel and many with standard errors > 1.10 were spread outside of the right side of the funnel (Figure 7). This indicates plot asymmetry and potential bias that could influence interpretation of study findings. Both the Begg and Mazumdar rank correlation (Kendall’s Tau with continuity correction = 0.47, P < 0.0001) and Egger’s regression test (intercept = 4.06, SE = 0.43, P < 0.0001) were significant, indicating funnel plot asymmetry and presence of bias. The Duval and Tweedie’s trim and fill method estimated 21 missing values that when added to the dataset lowered the overall   and 95% CIs from 1.98 (1.61 to 2.34) to 1.26 (0.88 to 1.65). While this lowered the overall   to 1.26, peroxygen compounds still provided a moderate effect against non-fungal plant pathogens.




Figure 7 | Funnel plot to assess publication bias in studies conducted to assess efficacy of peroxygen compounds as a disinfestant against non-fungal plant pathogens in agricultural and horticultural production. Open circles represent Hedges’ g standardized mean difference from all studies included in the meta-analysis (k = 81) with its corresponding standard error. The standard error is the within-study standard error for g. The vertical dashed line is the overall mean effect size (  = 1.98) across all entries based on a random effects model. The outer solid lines indicate the triangular region within which 95% of studies are expected to lie in the absence of both bias and heterogeneity. Funnel plot shows clear asymmetry (P < 0.0001 from Egger’s regression test for funnel plot asymmetry).







4 Discussion

Peroxygen compounds are one of the major classes of disinfestants commercially available to control plant pathogens in agricultural and horticultural production systems. The purpose of this quantitative synthesis was to evaluate the effectiveness of peroxygens as disinfestants against non-fungal plant pathogens and to better understand and/or improve their effectiveness in plant production settings. The overall mean   of 1.98 indicates that peroxygen compounds are highly effective at reducing viability of non-fungal plant pathogen propagules or disease development. However, the efficacy of peroxygen compounds was variable and ranged from excellent to ineffective against some populations of non-fungal pathogens. Previous meta-analyzes on hypochlorites and quaternary ammonium compounds (QAC) have shown a similar range in efficacy against plant pathogens (Copes and Ojiambo, 2021a; Copes and Ojiambo, 2021b; Copes and Ojiambo, 2023a; Copes and Ojiambo, 2023b). Variability in efficacy could partly be explained by differences in responses of organism type, activity of peroxygen a.i. and interaction of target material. Of these factors, heterogeneity due to dose and contact time was primarily associated with target material. These moderators should be taken into account both when considering plant disease control and in the development of research to better improve efficacy of peroxygen compounds. From this and previous systematic reviews, it is evident there is need to more fully identify the moderators that influence not only the efficacy of peroxygen compounds but other disinfestants as well.

Peroxygen compounds were moderately to highly effective against most bacteria, oomycetes and viruses tested, but were even more effective against zygomycetes. This indicates differences exist in organism sensitivity to perxoygen compounds. However, we are unable to make overall recommendations due to the limited number of genera represented in the studies used in this synthesis. Further, a number of genus subgroups were excluded from subgroup and meta-regression analyzes because of having too few studies. This issue on a limited number of studies affects the robustness of the study outcomes. When excluded genera were graphed with the genera tested, a wider range in efficacy was observed, with peroxygens providing a level of control against some oomycetes comparable to that against zygomycetes and a low level of control against some oomycete and virus genus subgroups. Even in the case of zygomycetes, low to moderate doses and contact times were used against Rhizopus stolonifer further indicating zygomycetes have high sensitivity to peroxygen compounds (Mari et al., 2004; Bernat et al., 2018). A similar response pattern was observed for bacteria, oomycetes and viruses treated with quaternary ammonium compounds (QAC) (Copes and Ojiambo, 2023c). Hypochlorites resulted in overall higher levels of efficacy against bacteria, oomycetes and viruses than peroxygen compounds and QACs, but the response still ranged from low to high levels of control (Copes and Ojiambo, 2021b). More studies are needed to better identify genera that are consistently less or more sensitive to these disinfestants.

Plant pathogens can be present on many different target materials in agricultural and horticultural production systems. In this study, the analyzes were limited to three target materials, i.e., metal, plant and solution. Peroxygen compounds were equally effective against non-fungal plant pathogens present on metal surfaces and when suspended in solutions. Efficacy was similarly moderate to high on target materials, such as wood, plastic and rockwool, which were excluded from the subgroup analyzes due to a limited sample size. One major outcome from this study was the observation that peroxygen compounds were ineffective at disinfesting non-fungal pathogens on plant material. A possible reason may be that peroxygen disinfestants were sprayed once or at weekly intervals on plant material (O’Neill and Pye, 2000; Garton et al., 2008; Hausbeck and Harlan, 2008; Raid, 2016). These products are unlikely to provide week-long protection since the residual duration of peroxygen lasts less than an hour. This explanation is consistent with the reports that multiple applications per week of a HP controlled development of daylily rust, while weekly applications were ineffective (Copes, 2009). However, the rate recommendations on product labels are for weekly applications. Applications at closer intervals likely would require use of lower rates to avoid plant damage due to phtyotoxicity (Copes et al., 2003; Copes, 2009). Plant selections should always be tested for their sensitivity to a product prior to large scale application. QACs also provided a poor level of control against non-fungal plant pathogens when applied at weekly intervals to growing plants (Copes and Ojiambo, 2023b). However, under post-harvest conditions where continued inoculum introduction wasn’t occurring, HP provided high efficacy in controlling disease development on potato tubers and thyme seed (Afek et al., 1999; Ali, 2018).

The peroxygen a.i., HP, HP+PAA and PPMS, provided similar levels of efficacy against bacterium, oomycete and virus plant pathogens, despite ddifferences in efficacy between PPMS and HP+PAA. This was partly evident by the fact that only a small amount of true variances was accounted for in the heterogeneity in meta-regression models with dose and time. These results are similar to those reported by Copes and Ojiambo (2023a), where most peroxygen compounds provided similar levels of efficacy when treating fungal plant pathogens. The consistency between peroxygen products observed in the present study is in contrast to QAC disinfestants where differences between product generations played a more pronounced role in control of non-fungal plant pathogens (Copes and Ojiambo, 2023b).

Publication bias, also called small-study bias, was present in this study indicating the presence of bias in literature on the efficacy of peroxygen compounds in disinfesting non-fungal plant pathogens. A similar pattern of bias has also been reported in other quantitative analyzes of disinfestants where a thorough treatment, discussion and implications of the subject have been presented in detail (Copes and Ojiambo, 2021a; Copes and Ojiambo, 2021b; Copes and Ojiambo, 2023a; Copes and Ojiambo, 2023b). Heterogeneity was a consistent factor in these quantitative analyzes and is a factor that can affect asymmetry. The associations of moderators with efficacy reported in this meta-analysis are representative of the data available but because of the potential sources of biases, correlations and heterogeneity, caution should be taken in the interpretation of these results when assessing various control situations.

Recommendations for product usage given in many crop advisor education publications imply that disinfestants will generally eliminate many different plant pathogens from many different types of production surfaces. This quantitative review indicates that disinfestants generally accomplish that goal but multiple factors can influence their effectiveness and we don’t fully understand what factors are involved. Two key factors that affected efficacy of peroxygen compounds against non-fungal plant pathogens was the genus of the pathogen to be controlled and substrate being treated. Peroxygen compounds worked consistently well against zygomycetes, but that result was taken from a small number of studies, and generally worked against bacterial, oomycete and viral plant pathogens, while sometimes being less effective. Similarly, peroxygens had a moderate to high efficacy on most target materials, but were ineffective at controlling disease development when applied on crops. It was suggested that the use of weekly application intervals may not be adequate for controlling disease development on plants or plant organs during crop production stages.

The purpose of a meta-analysis is to assess population responses involving multiple studies and conclusions based on the studies available. In this synthesis as was also the case with previous meta-analyzes (Copes and Ojiambo, 2021a; Copes and Ojiambo, 2021b; Copes and Ojiambo, 2023a; Copes and Ojiambo, 2023b), the number of studies available were less than optimal. However, the results of the present study still provide a summary of what is currently documented about the efficacy of peroxygen compounds against non-fungal plant pathogens. Ultimately, the goal is to understand the strengths and weakness of peroxygen disinfestants to maximize the utility of these products. This meta-analysis demonstrates that peroxygen disinfestants are good products for controlling plant pathogens but also demonstrates that the products are not consistently effective. Variable activity in disease control is well developed with other agricultural pesticides (e.g. fungicides). These meta-analyzes indicate a similar approach may be relevant to the application of disinfestants as well. Additional research will be needed to develop comprehensively defined disinfestant application strategies that control plant pathogens in diverse agricultural and horticultural settings.
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