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Phosphorus (P) is a key limiting factor in crop growth and essential for agriculture. As plant uptake of P is
inefficient, it is commonly applied to maintain crop yields leading to a range of negative environmental issues
when applied in excess. Additionally, P in mineral fertilisers is derived from mined rock phosphate, which is a
finite resource that needs to be sustainably managed in order to maintain food security in the long-term.

Phosphatase activity is one of several mechanistic responses to P deficiency in the plant-soil system, enabling
the mineralization of organic P to increase P availability for both plants and soil organisms. In this study we
address the need to further understanding of the role of phosphatase enzyme activity in P acquisition in agri-
cultural settings, using a systematic review of the literature and subsequent meta-analysis.

We find that monoesterase activity is inhibited by availability of inorganic P (—23%, —39.8 to —2.2%) yet is
enhanced by the availability of organic P (+74%, 8.4-232.1%). This indicates that phosphatase enzyme activity
is important in P deficient agricultural systems, yet that the availability of organic P is more important in
determining phosphatase activity than the level of P deficiency. We also investigated the role of other factors
such as nitrogen addition, pH of growth substrate and changes in plant composition and physiology but, none of
these factors explained significant variance in the data. We highlight need for consistent recording and reporting
of additional variables in association with phosphatase enzyme assay data, which is required to enable quan-
tification of the potential utilisation of organic P resources in agriculture, and the contribution of phosphatase
activity to P acquisition in both agricultural and semi-natural ecosystems.

1. Introduction

finite resource, which further questions the long-term viability of cur-
rent practices and security of food production (Cordell et al., 2009).

Phosphorus (P) is essential for agricultural production as crop
growth is commonly limited by the availability of either nitrogen (N)
and/or P. Fertilisers containing P are applied to agricultural land to
maintain and enhance crop yields, with global averages of P fertiliser use
estimated around 1.2 g P m—2 yr’1 (Lu and Tian, 2017). The vast ma-
jority of this P is not taken up by plants (Sattari et al., 2012), with excess
application resulting in losses to rivers and lakes, causing negative im-
pacts on water quality and exceedance of planetary boundaries (Conley
et al., 2009; Ockenden et al., 2017; Powers et al., 2016; Steffen et al.,
2015). Mineral-based P fertilisers (inorganic orthophosphate) are pri-
marily derived from phosphate rock, a non-renewable and therefore

When added to the soil, orthophosphate is either taken up by plants
or transformed into other inaccessible forms; becoming ‘fixed’ by sorp-
tion to other soil minerals or taken up by soil organisms and converted to
organic forms upon metabolisation and decomposition. The limited
availability and high competition for P in soils has resulted in fertiliser
additions in excess of plant requirements to maintain optimal crop
production leading to an accumulation of residual P in soil (Syers et al.,
2008) referred to as ‘legacy P’ (Haygarth et al., 2014). Whilst much
research has focused on the recovery of residual inorganic P (Doydora
et al., 2020) a significant portion (up to 54%) of residual P in agricul-
tural soils is in organic form (Stutter et al., 2012). Soil organic P could

* Corresponding author. Lancaster Environment Centre, Lancaster University, Bailrigg, LA1 4YQ, UK.
E-mail addresses: v.janes@lancaster.ac.uk, v.janes@lancaster.ac.uk (V. Janes-Bassett).

https://doi.org/10.1016/j.s0ilbio.2021.108537

Received 24 September 2021; Received in revised form 12 December 2021; Accepted 20 December 2021

Available online 24 December 2021

0038-0717/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:v.janes@lancaster.ac.uk
mailto:v.janes@lancaster.ac.uk
www.sciencedirect.com/science/journal/00380717
https://www.elsevier.com/locate/soilbio
https://doi.org/10.1016/j.soilbio.2021.108537
https://doi.org/10.1016/j.soilbio.2021.108537
https://doi.org/10.1016/j.soilbio.2021.108537
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2021.108537&domain=pdf
http://creativecommons.org/licenses/by/4.0/

V. Janes-Bassett et al.

therefore represent an important P resource for food production, and a
mechanism for reducing the environmental impacts of agriculture;
Menezes-Blackburn et al. (2018) estimated that monoesters accounted
for 33% of P reserves globally within agricultural soils, equating to over
100 years of sufficient P supply for agricultural production. In order to
address the global P imbalance Haygarth and Rufino (2021) note the
need to understand which crop varieties can best utilise existing stores of
P, enabling the shift to increased usage of legacy P and reduced
dependence on fertiliser additions.

Plants respond to P deficiency by using less P and facilitating greater
uptake of P in several ways, including morphological changes such as
favouring root growth, cluster roots, and the formation of root hairs
(foraging mechanisms) and the release of extracellular anions and
phosphatase enzymes (mining mechanisms) (George et al., 2011; Vance
et al., 2003; Wang and Lambers, 2020). Through these mining mecha-
nisms, plants can alter the availability of P in soil, releasing ortho-
phosphate from organic P forms. Phosphatases can originate from both
plants and soil microorganisms, and whilst the majority of phosphatase
enzyme activity in rhizosphere soil is thought to originate from micro-
organisms (Nannipieri et al., 2011) the relative contribution of each and
utilisation of organic P by plants remains unclear (George et al., 2011).

Several studies have linked soil phosphatase activity to low soil
inorganic P content, depletion of soil organic P and mineralization of
organic P (Biinemann et al., 2012; Spohn et al., 2013; Tarafdar and
Jungk, 1987). Additionally, phosphatase activity in low-P soils has been
observed to be correlated with plant biomass and yields, indicating the
potential importance of the activity of these enzymes in organic P
mineralization and plant acquisition of P (Giles et al., 2017a, 2017b;
Speir and Cowling, 1991). Organic P mineralization and enzymatic
hydrolysis is influenced by a range of factors including soil physi-
ochemical properties (such as temperature, moisture, pH), the chemical
form of organic P, and soil microorganisms (Biinemann, 2015; Nash
et al., 2014). Current understanding of the mechanisms associated with
the transformation of organic to inorganic P is limited, and this infor-
mation is crucial to understand the potential contribution of organic P to
food security (George et al., 2018; Nash et al., 2014).

There remains a key knowledge gap in quantifying the role of
phosphatase enzymes in relation to organic P access in agricultural en-
vironments. Previous meta-analyses have analysed the response of
phosphatase enzymes to P deficit and N deposition (Chen et al., 2020;
Marklein and Houlton, 2012; Xiao et al., 2018) yet these studies focus
solely on (semi-)natural systems. Biogeochemical modelling (integrated
carbon-nitrogen-phosphorus cycling) of agricultural systems has also
highlighted this knowledge gap in relation to P cycling and the potential
role of organic P cycling in supporting crop production and determining
ecosystem C-N response (Janes-Bassett et al., 2020).

Here, we address the need to further scientific understanding of plant
organic P accessibility, particularly in agricultural settings where uti-
lisation of this significant source of P could provide a range of benefits
including resilience of future food production. Through conducting a
systematic review and subsequent meta-analysis, we consider the evi-
dence for the role of phosphatase enzymes in P acquisition by comparing
enzyme activity in response to P sufficient and P deficient conditions.

2. Methods

In order to collate all published data on agricultural plant-based
phosphatase activity in response to P deficiency, a systematic review
of the literature was conducted using the electronic databases Web of
Science, Scopus and Google Scholar. Search terms used were soil* AND
(phosphatase OR “phosphatase enzyme*”) AND (plant OR root) AND
(“organic phosphorus” OR phytate OR SOP OR phosphate OR mono-
esters OR diesters OR “phosphorus pool” OR “phosphorus stock™).
Searches were conducted in June 2020. The most relevant 1000 results
from Google scholar were extracted using crawling software (Publish or
Perish). Efforts were made to find publications translated into English
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but if no translations were found non-English publications were
excluded.

Studies were included that reported phosphatase activity (measured
from root or rhizosphere soil) associated with agricultural plants (arable
or grassland species), included phosphatase activity measurement for a
control (no addition of P) and at least one experimental comparator
(with P addition). For factorial experiments we only considered com-
parisons between control and treatments that differed solely in P addi-
tion. Hydroponic, soil-based pot and field experiments were all
included, however enzyme activity recorded from bulk soil (as opposed
to rhizosphere soil) was excluded. Studies that did not report the number
of replicates, means and standard errors were excluded. In order to
address the specific research question of the influence of P deficiency,
plants inoculated with arbuscular mycorrhizal fungi (AMF) and P ad-
ditions through manure were excluded from the study as these in-
terventions are known to influence phosphatase activity. Data were
extracted on phosphatase activity, type of phosphatase activity
measured (e.g. monoesterase, diesterase or phytase), plant type(s), level
of P addition, type of P addition (organic/inorganic), and methodology
of phosphatase activity quantification (root intact or extract assay
methods, rhizosphere soil assays). Where not stated, we distinguished
between monoesterase and diesterase based on enzyme assay method-
ology detailed within each study. Within the literature we acknowledge
the interchangeable use of terms of the terms ‘monoesterase’ and
‘phosphomonoesterase’, and therefore have chosen to use the term
‘monoesterase’ throughout for clarity.

Studies quantifying phosphatase activity using zymography were not
included as these are not necessarily comparable enzyme assay methods.
Where available, pH of soil/growth solution, total plant dry weight
biomass, root and shoot P content, root:shoot ratio, and N addition (if
applicable) were also recorded. Where not reported in table format, data
was extracted using digitising software (WebPlotDigitzer).

Nutrient additions to substrates were converted to mols P in hydro-
ponic experiments, and to mg kg™! for soil-based experiments. Where
additions were reported in kg ha! soil depth and bulk density (where
not provided in the experiment details) were assumed as 25 cm and 1.5
g cm?® respectively for conversion (similarly to Mezeli et al., 2020).
Phosphorus content of root/shoot was converted to a percentage (or
excluded where not possible) and dry weight biomass was converted to
grams. A critical appraisal was conducted to assess the rigor of included
studies through 3 domains: 1) number of replicates, 2) treatment allo-
cation (purposive/randomised), 3) risk of baseline confounding
(reporting of background P in substrate). For each domain studies were
awarded a score of 0-2, similarly to (Haddaway et al., 2017), with
summed scores providing validity categories (see supplementary infor-
mation S1 for details).

Data were paired according to control and comparable experiment
(no P and P addition) and analysed using the metafor package in R
(Viechtbauer, 2010). Effect sizes per group were calculated from
response ratios from individual studies (an index of response magnitude,
calculated as experimental mean divided by control mean) and their
associated variance (as per Hedges et al., 1999). These were then used to
explore the influence of P deficiency on phosphatase activity across
groups using random effects models. Results were considered significant
where 95% confidence intervals did not cross 0. Due to the distinct
differences between hydroponic and soil-grown plants, phosphatase
enzyme types (monoesterase/phytase) and enzyme assay methodologies
(root intact, root extract and rhizosphere soil activity) these data were
grouped separately. Enzyme assay methods for root extract data involve
grinding plant roots in a buffer solution which is centrifuged and used
for the enzyme assay (e.g. Sharma and Sahi, 2011) whereas root intact
assays assess enzyme activity on the root surface (e.g. Johnson et al.,
1999). Soil rhizosphere assay methodologies involve sampling of soil
strongly adhered to roots (e.g. Deng et al., 2018). Publication bias was
assessed using funnel plots and Egger’s regression test.

Mixed-effects models were then used to investigate moderators
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influencing the effects of P addition on phosphatase activity. Initially,
models were constructed using all available pairwise moderators
including the following: magnitude of P addition (and N addition in soil-
based studies), arable/grassland species, and organic/inorganic P
addition. The Akaike Information Criterion (AIC) was used to guide
multivariate model choice and reduce overfitting using the glmulti
package (Calcagno and de Mazancourt, 2010) with a cut-off of 0.8 used
to differentiate between essential and non-essential moderators (Cal-
cagno and de Mazancourt, 2010; Chen et al., 2020).

To explore the potential mechanisms of phosphatase activity on P
acquisition and plant growth we checked the remaining variables for
correlations with phosphatase activity (pH of growth substrate, change
in root:shoot ratio, plant biomass as dry weight, P content of plant root
and shoot in response to P addition). As analysis was conducted on a
complete case basis and several studies did not report on these variables,
where a significant correlation was observed mixed-effects model se-
lection was repeated using a subset of studies including this data. To
mitigate the potential for bias introduced by small sample sizes and high
dimensionality, where mixed-effects models included statistically sig-
nificant moderators analyses were repeated using only data from studies
within the high validity category (from the critical appraisal).

3. Results
3.1. Data included

In total we collated 163 paired observations from 37 studies listed in
Table 1, including data on both monoesterase and phytase activity from
hydroponic and soil-based experiments (results of the search and se-
lection process and a full list of studies included within the meta-analysis
can be found in supplementary information S2 and S3). Summary sta-
tistics of random effects models are presented in Table 2. Mixed effects
models were then performed on all subsets of data presented in Table 2,
below we present only models that included significant moderators.

3.2. Monoesterase — soil-based experiments

Across all soil-based root intact, root extract and rhizosphere soil
experiments, monoesterase activity in experiments with P addition was
not significantly different to controls. Between-experiment variation
was statistically significant across all sub-groups as indicated by the
heterogeneity of effect sizes (see Q values in Table 2). Effect sizes
expressed as a percent are shown in Fig. 1. Forest and funnel plots, and
outcomes of Egger’s regression tests for each random effects model are
shown in supplementary information S5.

Analysis using mixed effects models across root intact data indicated
monoesterase activity in response to P addition was best explained by
organic/inorganic addition (see supplementary information S8 for
model-averaged importance of moderators). Inclusion of organic/inor-
ganic P addition as a categorical moderator within the mixed effects
model accounted for 46% of total heterogeneity, and indicated a 144%
increase in monoesterase activity where organic P was added, in com-
parison to the control. Across all rhizosphere soil data, monoesterase
activity was best explained by magnitude of P addition and organic/
inorganic P addition. Inclusion of these moderators in the model
explained 30% of heterogeneity, and indicated that for every mg g~
increase in P addition, monoesterase activity decreased by 0.8% in
comparison to control, and with organic P addition monoesterase ac-
tivity increased by 65%.

Monoesterase activity in root intact data in response to P addition
was significantly correlated with soil pH, change in biomass between
control and P addition plants, and change in shoot P content of plants (R
=-0.790p<001n=11,R=0857p<0.05n=7,R=-1.000 p <
0.01 n = 6 respectively, see supplementary information S9 for correla-
tions with additional variables across all data subsets). When repeating
model selection for the subset of studies reporting these variables, pH
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Table 1
Publications used for the meta-analysis. Number of response ratios indicates the
number of paired data (control/P addition) calculated from each publication.

Ref Author and Year No. of Plant type(s)
no. response
ratios
1 Fries et al. (1998) 4 Maize
2 Gilbert et al. (1999) 4 Lupin
3 Johnson et al. 6 Ribwort plantain, Common bent
(1999)
4 Colvan et al. (2001) 2 Various Grassland
5 Tarafdar and 12 Wheat
Claassen (2003)
6 George et al. (2004) 2 Clover
7 Goicoechea et al. 1 Barley
(2004)
8 Liu et al. (2004) 4 Maize
9 Fragoso et al. 3 Soyabean
(2005)
10 Nuruzzaman et al. 4 Wheat, Lupin, Pea, Faba bean
(2006)
11 Raiesi and 1 Clover
Ghollarata (2006)
12 Du et al. (2009) 3 Stylo
13 Priya and Sahi 8 Duo Grass
(2009)
14 Zhang et al. (2010) 4 Rapeseed
15 Ding et al. (2011) 2 Maize
16 Sharma and Sahi 8 Ryegrass
(2011)
17 Biinemann et al. 1 Various Grassland
(2012)
18 Tang et al. (2013) 1 Lupin
19 Abdel-Fattah et al. 1 Soyabean
(2014)
20 Rotaru, 2015a Soyabean
21 Al-Amri et al. 1 Corriander
(2016)
22 Ding et al. (2016) 1 Various Grassland
23 Lyu et al., 2016a 14 Maize, Wheat, Rapeseed, Lupin,
Soyabean, Faba bean, Chickpea
24 Zebrowska et al. 8 Oat
(2017)
25 Deng et al. (2018) 10 Wheat
26 Ikoyi et al. (2018) 3 Ryegrass
27 Naureen et al. 3 Cucumber
(2018)
28 Shen et al. (2018) 10 Wheat
29 Zebrowska et al. 3 Oat
(2018)
30 Cardinale et al. 1 Barley
(2019)
31 Chen et al. (2019) 6 Sedge, Ryegrass
32 Dey et al. (2019) 4 Cowpea
33 de Medeiros et al. 2 Maize
(2019)
34 Redel et al. (2019) 12 Wheat, Oat, Barley
35 Bechtaoui et al. 2 Faba bean
(2020)
36 Sun et al. (2020) 2 Maize, Alfalfa
37 Wang et al. (2020) 2 Various Grassland

and change in shoot P content were not included in model selection as a
moderators, yet change in biomass was (see supplementary information
$10). This indicated in plants with P addition 1% increase in biomass
was associated with a 2.7% decrease in monoesterase activity compared
to control plants.

Across experiments adding inorganic P, monoesterase activity was
not significantly different to controls across root intact and rhizosphere
soil data, but was significantly lower in root extract data (—23.27%,
—39.83to —2.16%, p < 0.05). For those adding organic P, monoesterase
activity was significantly higher in rhizosphere soil compared to controls
(+74.42%, 8.4-232.09%, p < 0.01).

Analysis using mixed effects models across rhizosphere soil data with
inorganic P addition indicated that the magnitude of P addition best
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Table 2
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Summary statistics of random effects models for all data subgroups; n = number of paired observations, CI = confidence intervals, Q = heterogeneity among true effect

sizes, RI = Root intact, RE = Root extract, RS = Rhizosphere soil.

Enzyme Soil/ All/Organic/ Sub- n No. Effect p-val (Effect 95% CI 95% CI Q p-val (Q)
Hydroponic Inorganic group Papers size size) Lower Upper
Monoesterase  Soil All RI 17 4 -3.2 0.818 —26.3 27.3 228.1 <0.0001
RE 11 3 9.4 0.658 —26.4 62.5 1200.1 <0.0001
RS 86 21 -1.0 0.825 —-9.5 8.3 953.9 <0.0001
Inorganic RI 14 4 -18.0 0.077 —34.2 2.2 110.9 <0.0001
RE 8 3 —23.3 0.033 —39.8 —2.2 189.4 <0.0001
RS 75 20 —6.6 0.087 -13.7 1.0 652.8 <0.0001
Organic RI 3 1 104.3 0.075 -6.9 348.4 33.7 <0.0001
RE 0 0
RS 8 4 74.4 0.091 8.4 232.1 176.5 <0.0001
Hydroponic All RI 20 8 —43.6 <0.0001 —-57.1 —-25.9 907.9 <0.0001
RE 16 7 9.3 0.398 -11.1 34.4 41.2 <0.0001
Inorganic RI 13 8 —46.5 0.000 —61.6 —25.4 367.4 <0.0001
RE 13 7 3.3 0.775 -17.6 29.5 466.3 <0.0001
Organic RI 7 4 —37.8 0.066 —62.4 3.1 366.9 <0.0001
RE 3 2 40.1 0.145 -10.9 120.3 25.4 <0.0001
Phytase Hydroponic All RI 5 4 291.8 0.005 50.4 920.4 33.7 <0.0001
RE 8 4 12.0 0.365 —-12.4 43.2 35.0 <0.0001
Inorganic RI 4 4 305.5 0.046 2.6 1501.7 21.6 <0.0001
RE 5 4 1.7 0.939 —34.4 57.8 28.5 <0.0001
Organic RI 1 1 225.0 <0.0001 189.7 264.6 0.0 1
RE 3 2 26.8 0.014 4.9 53.3 5.8 0.0545
’\; Fig. 1. Response of monoesterase activity to
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explained monoesterase activity. Inclusion of this within the model
accounted for 29% of heterogeneity, and indicated for every mg g~!
increase in P addition, monoesterase activity decreased by 0.7%
compared to controls.

Monoesterase activity in root intact data in response to inorganic P
addition was significantly correlated with change in shoot P content of
plants (R =1.000 p < 0.01 n = 6) yet when repeating model selection for
the subset of studies reporting this variable, it was not included as a
moderator. For the root extract subgroup, monoesterase response to
inorganic P addition was significantly correlated with change in root:
shoot ratio (R = 0.904 p < 0.01 n = 8) and was included as a moderator
in model selection, indicating for every unit increase in root to shoot
ratio in control plants, monoesterase activity increased by 420%
compared with P addition plants.

These mixed effects models were repeated using only data with the
highest critical appraisal scoring to assess the transitivity assumption.
However, of the 17 data points of root intact monoesterase data only 1
met this criteria, and none of the 8 rhizosphere soil with organic P ad-
ditions, meaning this could not be repeated on these subsets. Of the
rhizosphere soil data (not specifying organic/inorganic additions) 18 of
the 85 data met this criteria. Similarly, to using all data, the random

effects model did not indicate a significant difference between mono-
esterase activity in P addition and control plots (15.8%, —0.76 -
+53.3%, p = 0.06), yet none of the moderators could explain significant
variance to justify inclusion in the model. However, both magnitude of P
addition and organic/inorganic P addition were still the most influential
moderators (see supplementary information S11).

3.3. Monoesterase — hydroponic experiments

Monoesterase activity in hydroponic root intact experiments with P
addition was significantly lower than controls (—43.6%, —57.06 to
—25.92%, p < 0.0001). Root extract experiments showed no significant
difference between experiment and controls. Between-experiment
variation was statistically significant across all sub-groups as indicated
by the heterogeneity of effect sizes (see Q values in Table 2). Effect sizes
expressed as a percent are shown in Fig. 2. Forest and funnel plots, and
outcomes of Egger’s regression tests for each random effects model are
shown in supplementary information S6. Tests indicate significant
publication bias for root intact data, yet this may also be a factor of the
high level of heterogeneity within the data. Mixed effects models did not
indicate that organic/inorganic addition, magnitude of P addition or
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Fig. 2. Response of monoesterase activity to phosphorus addition in hydroponic experiments relative to control. RI = Root intact, RE = Root extract. Colours indicate
addition of organic/inorganic P/both. Boxplots show interquartile range and median, whiskers show 1.5 x interquartile range. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

arable/grassland species could account for significant heterogeneity of
monoesterase activity in either root intact or extract hydroponic data.

Monoesterase activity across root intact experiments with inorganic
P addition was significantly lower than controls (—46.46%, —61.55 to
—25.45%, p < 0.001). Root extract experiments with inorganic P, and
both root extract and intact experiments with organic P addition showed
no significant differences in monoesterase activity compared with con-
trols. No moderators could explain significant heterogeneity within
mixed effects models across any of the hydroponic monoesterase data
groups. Monoesterase activity from hydroponic data in response to P
addition was not significantly correlated with any additional variables
(see supplementary information S9).

3.4. Phytase — hydroponic experiments

Phytase activity in hydroponic root intact experiments with P addi-
tion was significantly higher than controls (291.8%, 50.44-920.40%, p
< 0.01). Root extract experiments showed no significant difference to
controls. Between-experiment variation was statistically significant
across all sub-groups as indicated by the heterogeneity of effect sizes
(see Q values in Table 2). Effect sizes expressed as a percent are shown in
Fig. 3. Forest and funnel plots, and outcomes of Egger’s regression tests

for each random effects model are shown in supplementary information
S7. Mixed effects models did not indicate that organic/inorganic addi-
tion, magnitude of P addition or arable/grassland species could account
for significant heterogeneity of phytase activity in either root intact or
extract data.

Root intact hydroponic experiments with inorganic P additions
showed significantly greater phytase activity compared with controls
(305.5%, 2.65-1501.72%, p < 0.05). Root intact experiments with
organic P additions also showed higher activity than controls, however
only one data point was available. Root extract experiments with inor-
ganic or organic P additions showed no significant difference in phytase
activity to controls.

Mixed effects models did not indicate that inorganic P addition,
magnitude of P addition or arable/grassland species could account for
significant heterogeneity of phytase activity in either root intact or
extract hydroponic data. Mixed effects models could not be created for
phytase activity with organic P additions due to insufficient data. Phy-
tase activity from hydroponic data in response to P addition was not
significantly correlated with any additional variables (see supplemen-
tary information S9).
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Fig. 3. Response of phytase activity to phosphorus addition in hydroponic experiments relative to control. RI = Root intact, RE = Root extract. Colours indicate
addition of organic/inorganic P/both. Boxplots show interquartile range and median, whiskers show 1.5 x interquartile range. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Discussion

This meta-analysis demonstrates that monoesterase activity is
inhibited in plant roots and the rhizosphere soil of agricultural ecosys-
tems by inorganic P addition and stimulated under P deficient condi-
tions. Whilst this result is statistically significant in root extract data
only, we observe a similar trend across both root intact and rhizosphere
soil data also. This consistent evidence suggesting phosphatase inhibi-
tion with addition of inorganic P is similar to comparable meta-analyses
conducted in semi-natural ecosystems (Margalef et al., 2021; Marklein
and Houlton, 2012; Xiao et al., 2018). Several previous studies of agri-
cultural ecosystems (not included in this meta-analysis due to inclusion
criteria) have also observed inhibition of phosphatase activity in soils
due to addition of phosphate (Brandt et al., 2011; Nannipieri et al.,
1978; Yadav and Tarafdar, 2001). Additionally, application of inorganic
P inhibits the expression of PHO genes and therefore can repress the
synthesis of phosphomonoesterase in soil (Oshima et al., 1996).

Conversely, we found monoesterase activity is enhanced in plant
roots and the rhizosphere soil of agricultural ecosystems by organic P
addition. Whilst statistically significant in rhizosphere soil data only,
this trend was also observed from root intact enzyme assays and is
consistent with literature evidence suggesting that phosphatase activity
increases with organic P addition (Brandt et al., 2011; Yadav and Tar-
afdar, 2001) and is regulated by organic matter content (Sinsabaugh
et al., 2008; Stursova and Baldrian, 2011). Additionally, Jarosch et al.
(2019) observed mineralization of organic P by non-phytate phospho-
monoesters was limited by organic P substrate rather than enzyme
availability.

Our results indicate that the magnitude of monoesterase stimulation
as aresult of organic P addition is much greater than that of inhibition as
a result of inorganic P addition (+74% with organic P addition, —23%
with inorganic P addition). This suggests monoesterase activity is sub-
strate limited and may be influenced more by substrate availability than
level of P deficiency. Where organic P stores, and legacy P are sufficient
in agricultural settings, this finding indicates potential enhancement of
phosphatase activity, and therefore the potential of this source of P in
maintaining crop yields.

Our analysis indicated level of P addition had a significant influence
on phosphatase response across several of the soil-based data subsets
(root intact, rhizosphere soil and rhizosphere soil under inorganic P
addition), with greater inhibition of monoesterase activity in P addition
experiments relative to controls as the level of P addition increases. This
suggests that as the level of P deficiency increases, so does monoesterase
activity (or as level of P availability increases monoesterase activity
decreases) and is similar to findings from previous studies (Margalef
et al., 2021; Spiers and McGill, 1979; Yadav and Tarafdar, 2001). Level
of P addition could not explain significant variance in organic P addition
experiments, likely due to the considerably smaller sample size of these
data subsets.

Across root intact data (both organic and inorganic P additions),
increased biomass in plants with P addition was linked to further inhi-
bition of monoesterase, likely indicating that with increasing P avail-
ability, monoesterase activity decreases. Across root extract data with
inorganic P addition, as root:shoot ratio of control plants increased,
monoesterase activity increased relative to P addition. This follows
previous studies that have observed a correlation between root length
density and phosphatase activity (Schneider et al., 2001) and indicates
increased root growth as a plant response to P deficiency, increasing its P
scavenging potential, combined with either enhanced plant-exuded
phosphatases and/or excretion of organic anions and stimulation of
soil microbial phosphatases (Giles et al., 2012; Wang et al., 2016).

All mixed effects models across soil-based data sub-groups showed
significant heterogeneity after inclusion of significant moderators
(where applicable), indicating considerable unexplained variance in the
data. Our analysis did not indicate a significant influence of factors such
as N addition, arable/grassland species, pH, or plant P content. Most
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surprising, perhaps, is the lack of a significant influence of N on phos-
phatase activity in agricultural settings; synthesis of phosphatase en-
zymes requires high levels of N, and as a result several previous studies
and meta-analyses of semi-natural systems have observed enhancement
of phosphatase activity with increasing N addition (Chen et al., 2020;
Margalef et al., 2021; Marklein and Houlton, 2012; Xiao et al., 2018).
Additionally, as ecosystems are often limited by either N or P, addition
of N can push systems to P limitation, resulting in greater phosphatase
activity (Johnson et al., 1999; Phoenix et al., 2004). Not all experiments
within the meta-analysis conducted in this study included N addition as
an experimental variable, and background levels of N availability be-
tween soil-based experiments will vary naturally and were not always
reported which could partly explain the lack of observed relationship
here. Additionally, 32 of the included 163 paired data points observed
phosphatase activity in association with leguminous plants (soil-based
monoesterase; RIn =4, REn = 1, RS n = 17, hydroponic monoesterase
RI n = 3, RE n = 4, hydroponic phytase RI = 2, RE = 1) which could
nullify the impacts of N addition due to N fixation by these species.
However, Chen et al. (2019) showed long-term N addition decreased soil
phosphatase activity due to shifts in microbial communities to those
with the capacity to mineralise P and Chen et al. (2020) found N induced
phosphatase activity decreased over time. As agricultural systems
commonly rely heavily on inputs of both N and P, field-based experi-
ments included within this analysis are likely to have undergone N
addition for considerable periods meaning that N is in sufficient sup-
ply/excess, therefore this could also be a factor in the lack of significance
observed in this study.

The magnitude of P deficiency in control vs P addition in soil-based
experiments will also vary between studies, partly due to varying soil
types, and is likely to result in significant heterogeneity within the data.
Phosphorus deficiency will be influenced strongly by background P
levels in soil (which are not always reported) and variation in suscep-
tibility of plant species studied to P deficient conditions. Whilst studies
included aimed to compare P deficient and sufficient conditions, it is not
possible to quantify and directly compare the level of P deficiency across
studies and this is a limitation of the meta-analysis approach used here.

Monoesterase activity in root intact hydroponic experiments was
inhibited with P addition across all types of P addition and with inor-
ganic P, similarly to soil-based experiments. No other statistically sig-
nificant results were observed across hydroponic monoesterase activity,
yet the data indicated these experiments broadly behaved differently to
soil-based experiments, which has been observed in several previous
studies (Jones and Oburger, 2011), particularly as none of the moder-
ators could explain a significant amount of heterogeneity in the data.
Root extract activity in particular showed no clear effect as a result of P
deficiency, regardless of organic/inorganic P addition, which could be in
part due to the small sample sizes of these sub-groups (max n = 16).
Given the well-known observed differences between soil-based and
hydroponically grown plants, this raises the question if experiments
should be carried out hydroponically and how well understanding from
this data can be translated to the field? However, due to the control over
hydroponic conditions, these paired data compare truly P deprived plant
growth with P sufficient growth, which could partly explain the differ-
ences observed between soil-based and hydroponic data.

Phytase activity in hydroponic experiments also behaved differently
to soil-based monoesterase, with an increase in phytase activity
observed in root intact experiments with inorganic P addition. The
contribution of plant-derived phytase in P acquisition is questionable, as
previous studies have observed low levels of root-exuded phytase sug-
gesting most phytase comes from microbial rather than plant sources
(Hunter et al., 2014; Richardson et al., 2000). Furthermore, soil phytate
and phytase are rapidly adsorbed onto mineral components in soil
(George et al., 2005), and Jarosch et al. (2019) found that in contrast to
monoesters, phytate hydrolysis was enzyme limited. As such, only a
small amount of the total soil phytate pool is likely to be plant-available.

Various other factors known to influence phosphatase enzyme
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activity have not been considered within this analysis including water
availability; whilst Brandt et al. (2011) observed an increase in phos-
phatase activity in response to drought conditions, Margalef et al.
(2021) observed a decrease with recurring drought conditions. There is
evidence that in some plants the root architectural responses to drought
and to P deficiency in soils are similar. This is driven by the fact that both
limitations can be alleviated by the exploration of greater volumes of
soil by roots to find pools of water or phosphate, and by increasing the
area of root in contact with the soil when resources are encountered. For
example, root extension into deeper soil layers during periods of drought
can provide access to sub-soil water (Wasaya et al., 2018), while in P
deficient soils, the strategy of growing long, thin roots enables exploi-
tation of recently weathered bedrock which may contain phosphate that
has not been exploited by shallower rooting plants (Steingrobe, 2001;
Yuan et al., 2016). Another strategy that is used to address both limi-
tations is the development and proliferation of root hairs upon
encountering either soil water or available P. In both cases, this in-
creases the total root surface area at a relatively low carbon cost to the
plant and enhances the ability to take up water (Wasaya et al., 2018) and
P (Dolan, 2001). Whether or not this is reflected by phosphatase enzyme
activity is unclear, but it does mean that in some cases the spatial dis-
tribution of phosphatase activity within the soil may be similar under
both conditions.

Enzyme activity in field-based studies has been shown to vary
throughout the year (Grierson and Adams, 2000; Schneider et al., 2001).
Several studies, some of which are included within the meta-analysis,
demonstrate variation in phosphatase activity amongst plant species
(Lyu et al., 2016; Redel et al., 2019; Rotaru, 2015), with greater activity
observed in species tolerant of P deficiency regardless of their P status
(Zhang et al., 2009). Whilst plant species were recorded within data
collection for this meta-analysis, due to sizes of data sub-groups only an
arable/grassland categorisation was possible to include within statistical
analyses and no significant difference was observed between these
groups.

Other limitations of the meta-analysis considered here include the
enzyme assay methodologies used, which we have attempted to mini-
mise by sub-grouping data according to methodological choice: root
intact, root extract and rhizosphere soil assay. It is important to recog-
nise that all assays included in this meta-analysis measure potential, as
opposed to real, enzymatic activity (Nannipieri et al., 2011). Addition-
ally, Biinemann (2015) highlighted the relationship between observed
organic P mineralization rates and monoesterase activity; whilst linear
within studies, disparities exist between studies, highlighting optimal
conditions of assay methods (such as pH and temperature) and how this
varies between studies. Whilst zymography can provide a measure of
actual activity these are not comparable with assay data used in this
study. The systematic review found only two papers that included
zymography that met the inclusion criteria (Spohn et al., 2015; Spohn
and Kuzyakov, 2013), which is an insufficient sample size for statistical
meta-analysis.

In order to conduct the statistical analysis here, studies were only
included that compared control (no P addition) with P addition, and
reported mean phosphatase activity, standard errors and sample sizes.
Several studies were excluded due to omission of these comparisons/
information (see supplementary information S4). Due to the limited
number of studies and small sample sizes for certain sub-groups of data,
the analysis is susceptible to biasing due to researcher degrees of
freedom. The influence of this was mitigated through testing of the
transitivity assumption; repeating analyses based on critical appraisal
scoring. The high dimensionality of the data (numerous factors influ-
encing phosphatase activity) is further complicated by the complete case
analysis resulting in further reductions in sample size. Small sample
sizes of the sub-groups analysed limits confidence in the conclusions
drawn and was particularly an issue when investigating the influence of
additional moderators (such as pH, change in biomass, plant stoichi-
ometries). Consistent recording and reporting of this data would be a
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huge benefit for future meta-analyses. Future research should seek to
quantify the contribution of phosphatase activity to P acquisition in
agricultural, and semi-natural ecosystems. To do this additional data
such as P mineralization rates would be required in conjunction with
data from enzyme assays. Additionally, we acknowledge the potential
for variations on studies returned from literature searches based on the
search terms used. However, in using a range of keywords associated
with phosphatase activity we feel other possible search variants would
have little influence on the final data set used and therefore would not
likely significantly affect the findings.

5. Conclusions

This meta-analysis evaluates current available data to establish the
importance of phosphatase enzyme activity in relation to P acquisition
in agricultural settings in P deficient and sufficient conditions. We find
that inorganic P addition decreases monoesterase activity associated
with agricultural plants in both soil and hydroponic settings, indicating
that both the plant and soil microbial community play a role in
responding to P deficit in this way. Statistical analysis of the data in-
dicates the availability of organic P is an important control of mono-
esterase activity in rhizosphere soils, more so than the level of P
deficiency. Whilst difficult to determine what phosphatase enzymes are
plant/soil derived, consistent results from both hydroponic and soil-
based data indicate both likely have a role to play.

Our analysis indicated N addition did not have a significant influence
on phosphatase activity in agricultural settings. However, it is worth
noting that not all studies included here conducted varying N addition as
an experimental variable, background levels of N were not always re-
ported, and some studies evaluated phosphatase activities in association
with legumes which could nullify the impacts of N addition. Where N
supply is already sufficient/in excess, which is likely to be common in
agricultural settings, further additions of N are unlikely to enhance
phosphatase activity, and this could partly explain the lack of signifi-
cance observed here.

Unanswered questions are how much phosphatase activity contrib-
utes as a process to P acquisition. To answer this, phosphatase activity in
conjunction with background P levels, P mineralization rates, and data
on plant growth (biomass and plant stoichiometries) are needed, under
varying and known conditions of N availability.

Combined, these findings indicate in agricultural settings phospha-
tase enzyme activity plays an important role in P acquisition from
organic sources, and further research should seek to quantify their role
to enable utilisation this P source to enhance resilience of food
production.
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