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Abstract: Incorporation of manures into soil can add nutrients, improve soil structure and enhance
biodiversity, thereby improving the sustainability of vegetable production systems. Unfortunately,
manures can also potentially contain human enteric pathogens. To reduce the risk of contamination,
Australian guidelines recommend a withholding period of 90 days between manure application and
harvest for high-risk products such as leafy salad greens. Our study examined the appropriateness
of these guidelines under conditions replicating those on a commercial vegetable farm. Cow ma-
nure and poultry litter with/without addition of non-pathogenic strains of Escherichia coli (E. coli),
Listeria innocua and Salmonella sv. sofia were added to sandy and clay loam soils typical of those
used to grow vegetables. Bacterial populations were monitored in the soil and on crops of cos
lettuce during spring (A), summer (B) and autumn (C) trials, with testing conducted by a commercial
laboratory. Significant declines in E. coli occurred within 6 to 16 days in all trials. Modelling indicated
that E. coli populations would be at or close to the limit of detection within 50 days for all of the
combinations tested. A 2–3 log die-off of Salmonella spp. occurred within three weeks. However,
occasional detections continued throughout trial A. As a result, the probability of detection after
50 days fell from 1.0 to 0.1 and 0.02 in trials B and C, respectively, but remained at 0.44 in trial A.
Listeria spp. was the most persistent in soil but was not detected on lettuce at commercial maturity.
While this study was limited in scope, the results suggest that a 90 day withholding period between
application of manure and harvest significantly reduces risk from enteric pathogens under Australian
field conditions.
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1. Introduction

Animal manure has been used to improve agricultural soil fertility for over
7000 years [1]. Manures add nutrients and organic matter, increase soil bulk density,
enhance structure and water holding capacity and increase biodiversity [2]. The beginnings
of plant cultivation are intimately linked to animal herding, contributing to use of this
technique across multiple continents and wide ranging climatic zones [1].

However, manures can contain human pathogens such as toxigenic E. coli,
Salmonella spp., Listeria monocytogenes, Campylobacter spp., and Yersinia enterocolitica. It is crit-
ically important to prevent pre-harvest contamination with these pathogens, as postharvest
sanitisers have limited efficacy against bacteria present on fresh vegetables, particularly
leafy greens [3–5].

Untreated manures are therefore an important potential source of contamination of
fresh vegetables. Pathogens in manure can contaminate vegetables grown in or close to
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the soil [6,7]. However, many human pathogenic bacteria are relatively poorly adapted
to the soil environment. The die-off rates of human pathogens once added to soils has
been widely studied. Reports of survival are extremely varied, ranging from only a few
days to many months or even longer. For example, E. coli O157:H7 remained detectable
for up to 217 days under cool conditions in Georgia, USA [8] but only 16 days under
somewhat similar conditions in the UK [9]. A thorough review of die-off rates from
different studies [10] notes that most studies are from temperate climates, with very few
conducted in warm or tropical regions. The authors also observe that persistence times
tend to be longer in laboratory than field based studies, a finding confirmed in a recent
meta-analysis of 42 published papers [11]. This analysis also revealed that temperature
was the most important factor affecting die-off rates, with population declines significantly
faster when weather is warm or hot compared to cool conditions. Many other factors
including moisture, UV intensity, soil type, manure source, incorporation method, aeration,
presence of roots and endogenous microflora can also influence persistence of human
pathogens in soil [2,12–14] contributing to the observed variability.

The results of field studies are further complicated by widely varying initial inoculum
loads (often log 5 CFU/g to log 8 CFU/g manure) and different definitions of “die-off”.
Many studies report survival of E. coli based on the limit of detection through direct
plating. However, this may be 1.3, 10 or 100 CFU/g dry weight of soil [2,13–15]. Moreover,
pathogens may still be detectable by enrichment even when populations have fallen to
extreme low levels [16,17]. Die-off is usually exponential, but can also show initial increases
or intermediate peaks depending on the environmental conditions [18–20]. A simpler
approach may therefore be to record the time required for a percentage reduction in the
population [12]. For example, Tran et al. [11] estimated the time required for a 1-log
reduction in populations of E. coli and Salmonella spp. (D values), thereby allowing the
effects of temperature, incorporation method and other environmental conditions to be
compared between studies.

It is unclear how the population of enteric pathogens in soil relates to the probability
of contamination of the produce grown in it. While 0.11 log CFU/g dry weight of soil
may be considered the threshold of E. coli population viability [2], the number of bacteria
constituting an infective dose on food ranges from over one million for enteropathogenic
E. coli [21] to approximately thirty [22] or as few as ten cells [23] for virulent strains of
enterohemorrhagic E. coli such as O157:H7. Pathogens in manure-amended soil can colonise
seedlings during germination [24], as well as transfer from the soil to leaves through water
splash or dust [25]. E. coli can also be taken up by lettuce roots and transported into the
leaves, a principle demonstrated using manure slurry containing log 8.1 CFU/g E. coli
applied to mature plants [26]. A study by Islam et al. [8] found that parsley and lettuce were
contaminated with >10 CFU/g E. coli even when harvested 160 and 70 days, respectively,
after amendment with manure containing log 7 CFU/g E. coli. The same group [27]
reported that E. coli could still be detected on onions and carrots harvested 74 and 168 days
after addition of inoculated manure or irrigation with contaminated water. Franz et al. [28]
estimated that growing lettuce in soil amended with cattle manure (initial E. coli population
of 2.49 log CFU/g) would result in one externally contaminated head per 3.85 hectares,
plus one internally contaminated head per 12.5 hectares.

Despite this, direct contamination from the soil appears to be less common than might
be expected. Several studies have reported that human pathogens were rarely or not found
on leafy vegetables (at least through direct plating) even when detectable populations were
present in soil [14,29,30]. For soil to be considered “safe” to grow vegetables, it is therefore
uncertain whether it needs to contain no detectable E. coli or 1 CFU/g, 10 CFU/g or even
100 CFU/g soil.

To reduce the risk of contamination, food safety programs generally mandate a time
interval between application of untreated manures to soil and harvest. The current recom-
mendation in the Australian Guidelines for Fresh Produce Safety [31] is for a withholding
period of 90 days for high-risk products (grown close to or in the soil and may be eaten
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uncooked) and 45 days for all other products. These periods are shorter than those rec-
ommended in other guidelines. For example, in the USA, the National Organic Program
mandates withholding periods of 120 and 90 days for high- and low-risk products, respec-
tively [32], whereas GLOBALG.A.P. (Good Agricultural Practice) stipulates a minimum
60 day withholding period for all products regardless of risk [33].

In Australia, it has been suggested that the new Harmonised Australian Retailer
Produce Scheme (HARPS) program adopt a 365 day withholding period, at least for
high-risk products. The voluntary SaladGAP program (Australian Fresh Salad Producers
Group) has already adopted this protocol [34], while both the UK Red Tractor Assurance
Standard and California Leafy Greens Marketing Association mandate 12 months between
application and planting for leafy greens [35,36]. Adopting such a lengthy withholding
period would effectively preclude the application of untreated or semi-treated manures for
many horticultural producers.

This project examined how rapidly populations of human pathogens in manure
decline under conditions typical of those occurring during production of Australian leafy
vegetable crops. Pathogen populations and rates of manure application were chosen based
on the upper levels likely to occur under commercial conditions. Microbial tests were
conducted by a commercial laboratory, replicating the data a grower would be able to
access. Results are limited in scope, having been conducted over a single set of growing
seasons (spring 2018, summer 2018–2019, autumn 2019), but may be considered in terms of
their implications for current withholding periods.

2. Materials and Methods

Three complete trials were conducted over a seven month period, corresponding to
spring (21 September to 21 November 2018); summer (11 December 2018 to 31 January
2019) and autumn (19 February to 9 April 2019), designated as trials A, B and C.

2.1. Trial Site Preparation

Forty 2 m × 1 m boxes were installed at the University of Sydney Lansdowne farm
(34◦01′16.1” S 150◦39′53.0” E). Each box was dug 20 cm into the indigenous soil, then filled
to 30 cm depth with either a sandy or clay loam soil, these being typical of soils in the
region that are used to grow vegetables. Samples of untreated soil were also tested to
confirm Listeria spp. and Salmonella spp. not detected in 25 g and E. coli < 10 CFU/g.

Sentek soil moisture probes (Sentek EnviroSCAN, Stepney, Australia) were installed
in eight boxes to record soil moisture at 10–50 cm depths. In addition, one web-based Wild
Eye soil moisture probe (Wildeye Australia, Shenton Park, Australia) was located in each
soil type. These could be interrogated remotely to check soil moisture levels and schedule
irrigation. Temperature, rainfall and solar radiation data were accessed from the Bureau of
Meteorology weather station at Camden Airport, located approximately 2.5 km from the
trial site.

Each soil was tested to determine physico-chemical attributes and appropriate fertil-
izer program. The sandy soil had pH 6.2, contained only 2% organic matter with 3 ppm
nitrate and had an electrical conductivity (EC) of 0.07. The clay loam was much higher
in organic matter at 8.1%, with 114 ppm nitrate, pH 5.3 and EC 0.32. The percentages of
sand:silt:clay in sandy and clay loam soils were 27:3:5 and 27:27:36, respectively.

Based on a nutrient analysis of the soil, 50 g Nitrophoska Special (Incitec Pivot Fertilis-
ers, 12% N, 5.2% P, 14.1% K, 8% S, 3.2% Ca, 1.2% Mg) and 120 g of Cal Nitrate (YaraLiva
Tropicote 15.5% N + 18.8% Ca) were worked into each box containing sandy soil before
planting. The clay loam soil was fertilized with 60 g Super Mo (Paton Fertilizers Aus-
tralia, 8.8% N, 11% S, 20% Ca) and pH was adjusted by addition of 400 g/box CaCO3
(trials A and B).
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2.2. Bacterial Cultures

Previous testing of the manures indicated that they were unlikely to contain significant
populations of E. coli, Salmonella spp. or L. monocytogenes. This was confirmed by testing
each batch of manure on delivery. It was therefore necessary to inoculate manure with
bacteria. Cultures of the non-pathogenic surrogates E. coli (derived from ATCC® 15597),
Listeria innocua (derived from ATCC® 51742) and Salmonella enterica subsp. salamae serovar
sofia (S. sofia) were prepared by incubating “Kwik-Stiks” (lyophilised micro-organism
pellets) for 24 h at 37 ◦C in 5 ml of tryptic soy broth. The resulting solutions were estimated
to contain approximately log 9 CFU/mL populations of the relevant bacteria.

In Australia, Salmonella spp. is more commonly found in fresh poultry litter (71% of
samples) [37] than dairy cow manure (23% of samples) [38], so this bacteria was added
to the poultry litter only. In contrast, whereas L. innocua is rarely detected in poultry
litter [37], it is frequently found in cow manure (approximately one-third of feedlot cattle
samples) [39], making it appropriate to add this bacteria to the dairy cow manure.

2.3. Manure Inoculation and Incorporation

Raw, uncomposted poultry litter and dairy cow manure were sourced from a nearby
composting facility. The 20 boxes/soil type were randomly allocated to five treatments:

1. Unamended control;
2. Poultry litter;
3. Dairy cow manure;
4. Poultry litter + log 5.0 CFU/g E. coli + log 3.4 CFU/g S. sofia;
5. Dairy cow manure + log 5.0 CFU/g E. coli + log 3.4 CFU/g L. innocua.

Each batch of manure for treatments 4 and 5 was inoculated individually from the
original solutions. The inoculants were diluted in 2 L reverse osmosis (RO) filtered water
before mixing with the sample of manure.

Samples of 4 kg manure were incorporated into the top 5–8 cm of the soil in each box
by systematic distribution with a three-pronged rake. This application rate is equivalent
to 20 t/ha. Although somewhat higher than the normal commercial application rate of
5–10 t/ha, this represents a “worst case” scenario.

In trial C, S. sofia added to poultry litter could not be detected in 7 of 8 soil samples
taken immediately after incorporation of the inoculated manure. The bacteria were re-
inoculated by preparing the culture and diluents as previously, then making up to 5 L using
additional RO water, ensuring it could be evenly distributed. This was watered across the
boxes and lightly raked to incorporate before the lettuces were planted (Table 1).

Table 1. Trial start, lettuce planting and sampling dates.

Trial
Manure
Added

Lettuce
Planted

Testing (Days from Start)
Notes

Soil Lettuce

A 21/9/18 28/9/18 0, 7, 12, 19, 28, 35,
42, 50 42 *

B 11/12/18 17/12/18 0, 6, 16, 27, 38, 49 27; 38; 49 *

C 19/2/19 26/2/19 0, 7, 14, 30, 37, 50 37; 50 *
Boxes with poultry
litter re-inoculated

at 6 days

* Lettuce harvested.

2.4. Plant Materials

Cos lettuce seedlings (Latuca sativa cv. Maximus) at the four-leaf maturity stage were
planted at 20 × 30 cm intervals six days after manure was added to the boxes. This reflects
commercial practice, whereby beds are commonly prepared 3–7 days before planting. Plant
density was designed to be similar to that in a normal commercial bed. Lettuce were
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watered using overhead irrigation with tank water sourced from the Hawkesbury river.
The water was tested periodically to verify it contained <1 CFU/100 mL E. coli.

A final assessment of yield was conducted once the lettuce reached commercial
maturity. Six lettuce were randomly harvested at the base from each box, the outer leaves
stripped and individual weight recorded.

2.5. Sampling

At the start of each trial, samples were taken of the inoculums, manures
(>100 g × 3 per type) and inoculated manures (>100 g × 4 per type). Soil samples were
taken from each box initially and after addition of the manures. Subsamples from the top
5–8 cm were aggregated from three randomly selected points in each box. The soil was
resampled when the lettuce was planted six days later. Thereafter, soil samples were taken
from all 40 boxes every 7–10 days for enumeration of E. coli. Soil samples were initially
also tested for Salmonella spp. and Listeria spp. Testing was discontinued once each group
of four boxes/treatment returned at least two “not detected” results.

Lettuce were tested for E. coli (CFU/g) as well as presence/absence of Salmonella spp.
and Listeria spp. One lettuce from each of the 40 beds was sampled at harvest, as well as
at intermediate points during trials B and C (Table 1). Lettuce heads were cut at ground
level and tested with the dirty outer leaves still attached. While this is not commercial
practice, it represents a “worst case” scenario that could allow cross contamination of
harvested product.

2.6. Microbial Testing

All microbial testing was conducted by Symbio laboratories, Lane Cove. This labo-
ratory is NATA (National Association of Testing Authorities) accredited to conduct these
tests. The same testing procedures were used as would occur for commercial products:

2.6.1. E. coli

Enumeration was by petrifilm (M8.8, reference method AOAC 991.14). Samples
of plant or soil material were roughly homogenised, then 10 g added to 90 mL ster-
ile water and processed using a stomacher. After 2 min, 1 ml of the diluted sample
was inoculated onto selective petrifilm media (modified violet-red bile media containing
2,3,5-triphenyltetrazolium chloride and glucuronidase indicator). These were incubated at
35 ◦C for 48 h, then plates were examined for E. coli colonies. The colonies are typically
surrounded by blue precipitate, with associated bubbles formed by fermentation of lactose.
Results were converted to CFU/g with a limit of detection of 10 CFU/g.

As frequently occurs with microbial testing, the data were extremely variable. The
data were normalized by conversion to logs, with calculations made on the log values.
Where E. coli was below the level of detection (<10 CFU/g), a conservative value of “9”
was substituted (log 0.98) to allow graphical representation of the data.

2.6.2. Salmonella spp.

Detection was by VIDAS (M16.4, AOAC RI approved protocol no. 071101). A 25 g
subsample of soil/plant tissue was enriched in buffered peptone water (BPW) and antibiotic
supplements by incubating at 42 ◦C for 18 to 24 h. A portion of the sample was then heated
and run on the VIDAS instrument according to the manufacturer’s instructions. This
returns a result of not detected or presumptive positive.

Positive results from the VIDAS test were then confirmed by MALDI-ToF AOAC-OMA
2017.09 and Salmonella serology AS5013.10. A single well isolated colony is transferred to
the MALDI target plate and the extended direct transfer method is applied. MALDI-ToF-MS
measurement is then performed on the MALDI Biotyper and bacterial identification pro-
vided by the report. Salmonella suspect isolates are purified and tested for presence of
somatic and flagella antigen.



Agriculture 2021, 11, 14 6 of 18

If Salmonella was detected, the population was estimated by the most probable number
(MPN) method. A 3-tube technique was used with BPW; a 10 mL sample of broth was
taken directly from each bag and serial dilutions used to prepare triplicate 10 mL tubes
containing 0.1, 0.01 or 0.001 mL of the original inoculant. All tubes were then incubated at
37 ◦C for 18 to 24 h. Cultures from the tubes were streaked onto Salmonella spp. selective
media (xylose lysine deoxylate agar) to determine growth. Well isolated colonies were
selected and transferred to the MALDI target plate. MALDI-ToF-MS measurement was
then performed on the MALDI Biotyper, the report confirming identification of the bacteria.
Other, less well isolated colonies that were suspected of being Salmonella spp. were purified
and tested for presence of somatic and flagella antigen. The approximate population could
then be estimated from the number of positive results at each dilution rate.

As with E. coli, detections of Salmonella spp. and estimates of population (MPN), were
extremely variable. To normalize the data, data were converted to logs, with calculations
made on the log values. In order to graph the data, a number of assumptions had to be
made with test data:

• Where Salmonella was detected, but the population was recorded as “<3”, a value of
“2” (log 0.3 CFU/g) was substituted.

• Where Salmonella was not detected by enrichment, a value of “log 0 CFU/g” was
substituted.

• As the maximum calculable value with MPN was “>1100”, a value of “1200”
(log 3.1 CFU/g) was substituted.

2.6.3. Listeria spp.

Detection was by VIDAS (M13.4). A 25 g subsample of soil/plant tissue was enriched
in buffered peptone water and antibiotic supplements by incubating at 42 ◦C for between
18 to 24 h. A portion of the sample was then heated and run on the VIDAS instrument. This
returns a result of not detected or presumptive positive. Positive results from the VIDAS
test were confirmed by MALDI-ToF and Listeria serology AFNOR Bio-12/33-05/12.

2.7. Statistical Analysis

All population data were converted to CFU/g dry weight of soil. Data were normal-
ized by conversion to logs, with calculations made on the log values. Where E. coli was
below the level of detection (<10 CFU/g), a conservative value of “9” was substituted
(log 0.98) to allow graphical representation of the data. In the case of Salmonella spp.,
the maximum MPN result of “>1100 MPN/g” was substituted with “1200 MPN/g” while
a result of detected, “<3 MPN/g” was substituted with “2 MPN/g”.

2.7.1. E. coli Data Modelling

The E. coli data were modelled as count data (CFU) using a Poisson regression model
with fixed factors for manure treatment, season and soil type. Time was treated as a
fixed factor at six discrete timepoints. Univariate model parameters and AIC values
were compared to those of larger (nested) models to check for robustness and model fit.
The GENLINMIXED procedure in SPSS was used with Satterthwaite approximation and
robust estimation of the parameter estimate covariance matrix. Residual plots were also
investigated for major model violations such as outliers, variance mis-specification and
unexplained structure.

Analyses were carried out using SPSS (IBM Corp. Released 2019. IBM SPSS Statistics
for Windows, Version 26.0. Armonk, NY: IBM Corp).

2.7.2. Salmonella spp. Data Modelling

The Salmonella data were modelled as binary data (detected or not detected) using a
logistic regression model. Explanatory variables included season and time for the ‘poultry
+ inoc’ treatment only. Nested models were checked for model fit and robustness. The
LOGISTIC REGRESSION procedure in SPSS was used to fit all models.
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Analyses were carried out using SPSS (IBM Corp. Released 2019. IBM SPSS Statistics
for Windows, Version 26.0. Armonk, NY: IBM Corp).

3. Results
3.1. Initial Populations of Human Pathogens in Manures

Initial testing of the manures used in all three trials for E. coli, Listeria spp. and
Salmonella spp. was negative, with the exception of a single positive result of E. coli
log 3.3 CFU/g in trial B (Table 2).

Table 2. Moisture content and microbial populations (n = 3) in manures before and after inoculation
with human pathogens. D/ND indicates detected/not detected.

Treatment Trial Moisture
Content (%)

E. coli
(Log CFU/g)

Salmonella spp.
(Log MPN/g)

Listeria spp.
(D/ND)

Poultry litter
A 43 <1 ND ND
B 30 <1 to 3.3 ND ND
C 28 <1 ND ND

Poultry litter +
E. coli + S. sofia

A 43 <1 >3.0 ND
B 30 4.0 to 4.5 1.5 to 3.0 ND
C 28 4.2 to 4.4 1.4 to 3.0 ND

Cow manure
A 28 <1 ND ND
B 40 <1 ND ND
C 36 <1 ND ND

Cow manure +
E. coli +

L. innocua

A 28 2.8 to 3.0 ND Detected
B 40 4.7 to 5.2 ND Detected
C 36 5.0 to 5.1 ND Detected

The populations of microbes in the inoculated manures varied, even though the same
procedures were followed each time.

3.2. Climate and Soil Moisture

Soil moisture was relatively consistent across all three trials for the initial 30 days of
crop growth. Average soil moisture remained relatively constant through to harvest during
trial C, but fell as plants approached harvest during trials A and B (Figure 1a). Temperatures
also rose as the lettuce developed in trials A and B (Figure 1b). As a result, irrigation was
insufficient to replace moisture lost due to evaporation as well as increased demands by
the rapidly growing lettuce. Despite this variability in soil moisture, commercial quality
lettuce was produced in all three trials.

Daily temperatures fluctuated considerably in all trials. Maximum temperatures
during the first three weeks of each trial were relatively mild for trial A (20–25 ◦C), whereas
they were very hot (30–40 ◦C) during trial B and remained hot (25–35 ◦C) during trial
C. Median temperatures increased during trials A and B but decreased from the initially
high maximum temperatures during trial C (Figure 1b). As temperatures declined, so did
the intensity of solar radiation. The total number of days with >20 MJ.m2 solar radiation
fell from 27 and 32 for the trials A and B, respectively, to only 9 during trial C (Figure 1c).
In summary, trials A and B tended to have high temperatures, strong solar radiation and
dry conditions leading up to harvest compared to the milder conditions experienced during
trial C.
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Figure 1. (a) Average soil moisture in sandy (dashed lines) and clay loam (solid lines) soils for trials
A, B and C. Values are running means from 24 h data. (b) Median daily temperatures, with linear
trend lines plotted. (c) Total days during each trial with >20 MJ/m2 solar radiation.

3.3. Survival of E. coli in Manure-Amended Soils

As microbial test data are extremely variable, all of the data are presented in
Figures 2 and 3, thereby indicating the full range of populations recorded.
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) soil amended with (a) poultry
litter or (b) poultry litter inoculated with E. coli and S. sofia. Each point represents a test result
(4 points/sampling time/soil type/trial). Dashed lines indicate the mean for each dataset; bars
indicate the standard error of mean values.
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There were significant differences between the trials and manure types, as well as
changes over time. Differences between the soil types were not statistically significant
(Table 3). Populations were highest and had the greatest variance within one week of
application of manure to soil. They were also significantly higher in trial C than trials
A and B.

Table 3. Analysis of treatment effects on E. coli populations in manure-amended soil.

Source F * df1 ** df2 ** Significance

Corrected model 41.13 32 29 0.000
Trial (season) 5.685 2 6 0.045

Soil type 2.513 1 5 0.176
Manure type 157.973 4 104 0.000

Time 154.491 5 19 0.000
Manure × time 60.606 20 40 0.000

* F = the test statistic; ** df = degrees of freedom.

3.3.1. Inoculated Dairy Cow Manure

E. coli was only detected in boxes amended with inoculated cow manure; no E. coli
was detected in boxes with cow manure alone.

In trials A and B, E. coli populations fell to close to the level of detection within
10 days of addition to the soil. However, the results from autumn (C) provide an im-
portant exception. Even though the populations of E. coli in manure before application
were consistent between the trials, populations measured shortly after the manure was
incorporated into soil were log 1.0 to 1.5 higher in trial C than trials A and B. Two of eight
samples remained >log 2 CFU/g when measured 30 days after incorporation of the manure
(Figure 2). It seems possible that more consistent soil moisture, lower solar radiation and
falling temperatures increased persistence of E. coli in this environment.

3.3.2. Poultry Litter

Unlike the results for cow manure, E. coli was detected in boxes with both inoculated
and non-inoculated poultry litter. However, high detections (>log 2 CFU/g) were far
more frequent in the inoculated material, resulting in higher average values. The highest
populations were observed approximately one week after incorporation of manure into
the soil in 4 of the 6 datasets. However, populations subsequently declined, with only
occasional detections more than 20 days after addition of the manure in both inoculated
and non-inoculated boxes (Figure 3).

3.3.3. Generalised E. coli Population Model

For the purposes of analysis, samples were grouped according to time from start,
giving generalised times of (approximately) 7, 14, 30, 40 and 50 days. The model indicated
that E. coli would be expected to be at or close to the limit of detection 50 days after manure
was added to the soil for all of the combinations tested and across all seasons. This suggests
that populations are forecast to decline by at least log 3 (99.9%) over this time interval
(Figure 4).
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Figure 4. Predicted populations of E. coli in soil following amendment with cow manure inoculated
with E. coli + L. innocua; poultry litter alone; or poultry litter inoculated with E. coli and S. sofia. Bars
indicate the confidence interval of each predicted value. Note that there were no detections of E. coli
in cow manure only.

3.4. Survival of S. sofia in Poultry Litter Amended Soils

Low populations of Salmonella spp. continued to be detected 50 days after application
of contaminated poultry litter during trial A (spring), although most were at the limit
of enumeration (log 0.48 MPN/g). This trial also recorded the most consistently high
populations immediately after addition of the manure to the boxes (Figure 5).
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) soil amended with poultry
litter inoculated with S. sofia (b). Each point represents a test result (4 points/sampling time/soil
type/trial). Dashed lines indicate the mean for each dataset; bars indicate the standard error of
mean values.

There were no detections of Salmonella three weeks or more after manure addition
during trials B and C. In the case of trial C, this was despite re-inoculation with additional
S. sofia 6 days after the initial contamination event.

Although the odds ratio of detection of Salmonella spp. in sandy soil was 0.757 times
the odds of detecting it in clay loam soil, there was a large associated 95% confidence
interval (lower = 0.393; upper = 1.457) and the difference was not significant (p = 0.405).

Modelling of Salmonella data was based on presence/absence rather than population,
due to the zero tolerance for this pathogen on harvested product. Logistic regression of the
data indicated that there was a significant difference between seasons and over time.

Calculation of odds ratios indicated that the odds of detection of Salmonella spp. was
41.5 and 5.7 times more likely in trials A and B when compared to trial C. Detection was
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most likely one week after initial addition to the soil; after 50 days detection was 0.15 times
as likely.

The probability of detection after 50 days was 0.1 and 0.02 in trials B and C, respectively.
However, after 50 days in spring (A), the probability of detection remained 0.44, suggesting
a nearly 50:50 chance of detecting Salmonella spp. in soil (using enrichment) after this time
interval (Table 4).

Table 4. Predicted probability of detecting Salmonella spp. in soil amended with inoculated poul-
try litter.

Trial
Days after Addition of Manure

0 7 14 30 40 50

A 0.11 0.90 0.06 0.13 0.03 0.02
B 0.84 1.00 0.72 0.87 0.55 0.44
C 0.42 0.98 – – – 0.10

3.5. Survival of L. innocua in Dairy Cow Manure-Amended Soils

Listeria spp. was only detected in boxes amended with inoculated cow manure.
There was no difference in frequency of detection between the sandy and clay loam soil,
so these data were combined. As Listeria spp. was not enumerated, results are presented
as the proportion of the eight boxes/trial that were positive at each sampling time. While
detections generally decreased over each trial period, it is evident that Listeria spp. persisted
more than 50 days in both the spring and autumn trials (Figure 6).
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Figure 6. Proportion of samples positive for Listeria spp. in soil amended with dairy cow manure
inoculated with L. innocua (n = 8).

3.6. Pathogen Detection on Lettuce

There were no detections of human pathogens on mature lettuce in trial A. There were
three detections of E. coli on lettuce during trial B. However, the only detection at harvest
was from an unamended bed. This detection was >log 4 CFU/g, making it considerably
higher than other detections. During trial C, there were two detections of Listeria spp. on
immature lettuce, but no detections at harvest maturity. Salmonella spp. was not detected
at any time (Table 5).
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Table 5. Detections of human pathogens on harvested lettuce, n = 40 heads/sampling time.

Trial Days from Start Detections Treatment

A 42 None –

B
27 1 × E. coli log 2.4 CFU/g−1 Poultry litter
38 1 × E. coli log 2.2 CFU/g−1 Inoculated cow manure
49 1 × E. coli log 4.6 CFU/g−1 Unamended control

C
37 2 × Listeria spp. detected Inoculated cow manure
50 None –

3.7. Lettuce Yield and Quality

At commercial maturity, lettuce grown in sand with poultry manure were visually
larger than those with cattle or no manure. Average head weights in sandy soil were
significantly greater in boxes amended with poultry litter for all trials. Cattle manure had
no consistent effect on head weight in clay loam or sandy soil (Table 6)

Table 6. Average head weight (g) of lettuce grown in clay loam or sandy soil, with the addition of
poultry litter (n = 48), dairy cow manure (n = 48) or no amendment (n = 24). Letters indicate means
that are significantly different within rows (p < 0.05); ns = not significantly different.

Trial
Clay Loam Sand

Poultry Cow Unamended Poultry Cow Unamended

A 464.4 b 479.0 b 534.5 a 510.8 a 438.3 b 388.8 c
B 629.4 a 613.8 a 620.8 a 664.6 a 594.8 b 566.7 b
C 532.0 ns 564.8 ns 529.2 ns 567.6 a 298.4 b 354.0 b

4. Discussion

Die-off rates of human pathogens in manure-amended soils has been widely re-
searched. Alegbeleye et al. [6] recently reviewed nearly 70 research papers investigating
die-off rates of E. coli, Salmonella spp. or L. monocytogenes, many of which involved large
and complex trials. For example, Sharma et al. [2] conducted 12 field trials examining
survival of E. coli in soils amended with four types of manure at three sites over a four year
period, with differing inoculum levels, site management and incorporation methods. This
study found wide variations at different sites and seasons, with persistence affected by
temperature, moisture, manure type and site management. The number of days until E. coli
fell below log 0.11 MPN/g ranged from only 5 days to more than 219 days. In another
recent study [40], the time taken for a 99.9% (log 3) reduction in the E. coli or Salmonella spp.
population ranged from 2 days to 120 days, depending on moisture levels and temperature.

This variability is typical of trial results examining die-off rates of human pathogens
in manure-amended soil. It makes it difficult, if not impossible, to mandate an appropriate
“one-size-fits-all” withholding period between manure application and harvest for all
environments and situations. However, “it depends . . . ” is not useful guidance for farmers
wanting to ensure their products are safe to eat. As a result, and despite this abundance of
data, a recent survey of producers in the USA concluded that there remains an urgent need
for science-based information on appropriate withholding times between application of
manure and harvest [32].

In our trials, soil type (clay loam vs. sandy soil) had no significant effect on pathogen
persistence. However, other studies have found increased [24,41–43], decreased [12,44]
or approximately similar [20,29] persistence of microbes in clay compared to sandy soils.
Soil type (and presence of plant roots) may increase survival of human pathogens through
improved nutrient availability [13,14], reduced diversity of indigenous microbes [45] or
improved moisture retention [44].

It was noted that the characteristics of the raw poultry litter appeared to initially reduce
survival of inoculated E. coli and/or S. sofia. This was particularly an issue at the start
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of trial C, where 7 of 8 boxes returned negative results for Salmonella spp. when sampled
immediately after addition of the inoculated manure. The boxes were re-inoculated 6 days
later, which successfully increased Salmonella spp. detections and allowed enumeration
of the population. In general, the E. coli populations recorded in inoculated poultry litter
(Table 2) and immediately after addition of poultry litter to soil (Figure 3b) were lower and
more variable than those observed in inoculated cattle manure (Table 2 and Figure 2). This
suggests that variability was not due to uneven mixing or methodology, but factors within
the poultry litter. It seems possible that low pH, ammonia or even antibiotic residues
in the poultry litter may have had antimicrobial effects. This unknown factor also likely
contributed to the reductions in E. coli and Salmonella spp. populations that occurred within
a few days or weeks after poultry litter was added to the soil.

While the effects of soil and manure type are variable, there is no doubt that tempera-
ture is a key predictor of decline. Both E. coli and Salmonella spp. consistently die-off more
quickly at higher temperatures [11]. High daily temperatures occurred during all of the
current trials. For example, maximum daily temperatures exceeded 30 ◦C on 11, 36 and
15 occasions during trials A, B and C, respectively. During trial B there were three days
where temperatures rose over 40 ◦C. These high temperatures likely contributed to the
relatively rapid declines in E. coli and Salmonella spp. populations that occurred in these
trials compared to, for example, trials commenced during autumn in Maryland, USA [8,27].

The time taken for a 1 log reduction in E. coli ranged from 2.5 to 8.8 days, averaging
5.7 days across the three trials and two soil types. The same reduction in Salmonella spp.
required an average 4.4 days. This is slightly shorter, but consistent with, the meta-analysis
conducted by Tran et al. [11], which calculated that the median time needed for 1 log
reductions in E. coli and Salmonella spp. were 7.6 days and 5.7 days, respectively, at medium
temperatures (10 to 20 ◦C).

Estimating the time taken for a 1 log reduction in population assumes a linear rate of
decrease. However, initial rapid die-off is frequently followed by an increasingly slow rate
of decline, albeit with occasional higher detections. The time until human pathogens fall to
a particular study’s “limit of detection” is therefore highly dependent on both the initial
contamination rate and the methods used for detection. For example, the time taken for
E. coli and Salmonella Typhimurium to reach the direct detection limit was 24 and 30 days,
respectively, when inoculated at log 4 CFU/g, but increased to 85 and 91 days, respectively,
when the soil was inoculated with log 7 CFU/g [14].

In these trials we used the relatively low inoculation rates of log 5 CFU/g E. coli
and log 3.4 CFU/g S. sofia/L. innocua in manure. Many studies have used higher rates,
inoculating manure with up to log 8 CFU/g of E. coli or Salmonella spp., and log 6 CFU/g
L. monocytogenes [6]. The lower rates were used in order to reproduce median levels
found in Australian manure samples [37,39,46,47] thereby attempting to provide a realistic
scenario of die-off rates in a field production situation. As a result, maximum E. coli
populations in manure-amended soil rarely exceeded log 4 CFU/g and declined to the
limit of detection (10 CFU/g) within 50 days of addition to soil. Populations of Salmonella
spp. generally showed a similar decline to E. coli, falling close to or below the limit of
enumeration (3 MPN/g) within 50 days of addition to soil in all three trials.

These results are consistent with the conclusions of Çekiç et al. [48] who found that,
although E. coli was occasionally detectable for up to 280 days, populations fell below
0.2 CFU/g soil within 56 days of application. Similarly, Franz et al. [30] found E. coli
populations fell from log 1.5 to 2.5 to the limit of detection within 56 days in soil amended
with cow manure, Salmonella spp. declining from log 3.5 to 4.5 to log 1 or less over the
same time period. Ingham et al. [24] found that E. coli populations declined by log 2.4
to 2.5 within 45 days of application, although the bacteria was still regularly detected by
enrichment for at least 120 days.

Enrichment theoretically allows detection of as little as a single bacterium in a sample.
Our data indicated that there was an increased probability of detecting human pathogens
50 days after addition to soil when the test involved enrichment. This was most strongly
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the case for Listeria spp.; there was a 38–50% probability of detecting Listeria spp. after
50 days in trials A and C, although it was not detected at the end of the summer trial
(B). This is perhaps unsurprising; the inoculated bacteria L. innocua is very closely related
to the human pathogen L. monocytogenes [49] and, as a natural soil-dwelling organism,
has previously been shown to be more persistent in soil than E. coli [50]. Persistence of
L. monocytogenes is strongly affected by soil pH, moisture and texture as well as microbial
activity. Populations may decline to the limit of detection within 8 to 10 days at 25 ◦C [49],
or persist for more than 84 days in soils with high pH and clay content [51]. The results in
these trials are consistent with previous publications in that Listeria spp. is more persistent
when temperatures are mild and soil remains moist [51–53].

However, it is unclear how positive detections in soil relate to contamination risk for
leafy vegetables, especially where the population cannot be enumerated. In these trials,
Listeria spp. was detected on two immature lettuce, but was not found at harvest maturity,
even though the bacteria remained detectable in soil. Salmonella spp. was not detected on
any harvested lettuce and, of the three detections of E. coli, the highest was from soil which
contained no manure. Moreover, there were significant production benefits from manure
application; lettuce grown in sandy soil were significantly larger (p < 0.05) when soil was
amended with poultry litter. Understanding persistence in soil allows such benefits to be
weighed against the potential risks from using manures.

5. Conclusions

Three trials were conducted examining persistence of E. coli, Salmonella spp. and
Listeria spp. in manure-amended soil. The trials used inoculation rates, cultural practices
and testing methods that were consistent with what could occur on a commercial Australian
vegetable farm.

E. coli fell close to or below the limit of detection within 50 days of addition of inocu-
lated manure to soil regardless of soil characteristics, manure type and season. Populations
of Salmonella spp. showed a similar decline, falling close to or below the level of enumera-
tion within 50 days, although the bacteria could still be detected by enrichment in trial A.
Listeria spp. could also be detected in approximately 30% of all samples (using enrichment)
50 days after addition to the soil.

These trials were conducted in a single location over a relatively short time period,
which limits the inferences that can be drawn from these results. Nevertheless, the rapid
die-off rates of E. coli and Salmonella spp. populations in soil, combined with low contam-
ination rates on harvested lettuce, suggest that the current recommended withholding
period of 90 days between manure application and harvest significantly reduces the risk of
contamination of harvested product.
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