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Published online: 14 September 2018 . The uniformity of crop yield is extremely important for consumers and of as much relevance to the

. grower as overall yield. However, size inequality within a plant population is rarely measured and

has never before been considered in relation to the use of beneficial microbes for yield enhancement.
For the first time, we show that addition of soil bacteria to calabrese plants significantly increased
size inequality. These effects were usually more apparent in above-ground biomass. This was caused
by some (but not all) plants growing very large when inoculated with bacteria, while control plants
were mostly small. We suggest that the main reason is the incompatibility of the inoculated bacteria
with those already present in the rhizosphere. In some cases the inoculum matched the indigenous
community, providing a benefit to plant growth, while often it did not and plants remained relatively
small. We conclude that analyses of size inequality should be an integral part of experiments using
microbial soil amendments. These analyses can help to inform the production of more effective
microbial products and to ensure that the integration of beneficial microbes into sustainable production
systems does not impair uniformity in yield.

Conventional agriculture, through the use of selected varieties and inputs of fertilizers and pesticides, seeks to
maximise not only total yield, but also the uniformity of the crop. Much research has shown that uniformity of
size and appearance of a fruit or vegetable influences consumer choice'. Indeed, uniformity of size is a more
important factor than knowledge of pesticide application to the crop, and even scent and flavour??. Furthermore,
in field crops such as calabrese, a lack of uniformity in plant size makes harvesting difficult and prolonged, thereby
increasing production costs®.

Organic production systems, designed to minimise the impact of agriculture on humans and the environment,
have seen a rise in popularity over the last 20 years. While the environmental benefits cannot be disputed, the
main disadvantage is the difference in total yield, which may be 20-30% less than that of conventional systems>®.
However, an unrecognised aspect of organic agriculture may be an increase in size inequality (i.e. a decrease
in uniformity) of the crop. Levels of beneficial soil microbes, such as arbuscular mycorrhizal (AM) fungi, and
foliar-feeding insects and pathogenic fungi may all be higher in organic systems and all have the potential to
increase size inequality’~°. This is because not all plants in a population are colonized to the same degree by AM
fungi, or attacked equally by insects or pathogens, resulting in plant size distributions that become ‘stretched’ at
the lower end (many small individuals) and/or at the upper end (fewer very large individuals that escape attack
or are mycorrhizal).

An important aspect of any agricultural system is the quality of the soil, with much recent interest focused on
improving quality, and ultimately yield, through the addition of microbial inoculants'’. Prominent amongst these
inoculants are plant growth-promoting rhizobacteria (PGPR), including species in genera such as Azotobacter,
Bacillus, and Pseudomonas''. These PGPR can enhance plant growth through nutrient recycling, nitrogen fixa-
tion, phytohormone production, solubilisation of nutrients such as P, K and Fe, and enhancing plant resistance to
pests and diseases!!. Therefore, the primary aim of PGPR addition is to increase overall yield. However, whether
their addition has any effects on crop uniformity is unknown. Thus, the aim of this paper is to examine the effects

. of PGPR addition on size inequality within an important field crop, Brassica oleracea var. italica (calabrese). Our
* holistic approach to studying the effects of ubiquitous PGPR (Bacillus spp.) on calabrese growth, endophytic bac-
. terial community and plant biotic stress in previous studies led us to investigate Bacillus-mediated effects on plant
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Figure 1. Box plots showing the range in size distributions for (a) total biomass, (b) root biomass and (c) shoot
biomass of calabrese plants grown in the controlled experiment, with and without the addition of a mixture

of plant growth-promoting rhizobacteria. The horizontal line within the box is the median, while edges of the
box represent the inter-quartile ranges. The whiskers depict 1.5x the inter-quartile ranges, while points depict
outliers beyond the whiskers.

size inequality. In a series of experiments in controlled and field conditions, with single and multiple Bacillus spp.
additions, we showed that these PGPR affected plant growth'?, altered endophytic bacterial community diversity,
evenness and composition'?, and suppressed cabbage aphid growth!* and field incidence® in a context specific
manner.

Calabrese is sensitive to variation in soil N and water availability, which can often lead to a lack of uniformity
in the crop'®. Therefore, it is relevant that nutrient delivery to roots and amelioration of drought stress are just two
of the benefits that PGPR can provide to plants''. However, much attention has been focused on the inconsistent
efficacy of PGPR inoculants in field conditions, due mainly to compatibility issues of species in the inoculant with
those in the rhizosphere and the heterogeneous distribution of nutrients in soils'”'®. We therefore hypothesized
that addition of PGPR to the roots of calabrese plants would increase plant size inequality, due to the differential
ability of bacterial species to establish in the rhizosphere. Furthermore, we hypothesized that plant size inequal-
ity would be further amplified in field conditions and with multispecies bacterial inoculants, because of nutrient
heterogeneity and competitive interactions between the bacterial species'>%.

Results and Discussion

Addition of the bacterial mixture only had an effect on root biomass in the controlled experiment, which was
reduced when PGPR were applied (Fig. 1). However, bacterial addition caused a significant increase in the ine-
quality of total biomass, raising the CV from 18% to 44% (Z=4.1, p <0.001) (Table 1). Similar significant results
were seen with both root and shoot biomass and were reflected in the Gini coeflicient and the Gini Mean of
Differences (Table 1). A notable feature of the Lorenz asymmetry coeflicients was that those for control plants
were always less than one, while those for treated plants were all greater than one (Fig. 2 and Table 1). The former
indicates that the majority of control plants were small, while the latter indicates that some large individuals
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CV control 18.03 18.7 18.1

CV bacteria 44.01 45.09 46.52

Z test 4.13,p<0.001 4.05, p<0.001 4.31,p <0.001
Gini control 0.0952 0.101 0.0968

(95% CI) (0.0645-0.1432) (0.0699-0.1466) (0.0659-0.1422)
Gini bacteria 0.231 0.247 0.251

(95% CI) (0.1582-0.3468) (0.1777-0.3565) (0.1784-0.3646)
Gini MD control 8.789 1.728 7.252

(95% CI) (6.097-12.603) (1.221-2.376) (5.084-10.203)
Gini MD bacteria 21.699 3.223 20.906

(95% CI) (14.74-30.55) (2.36-4.283) (14.62-28.29)
Lorenz AC control 0.8774 0.7703 0.8537

Lorenz AC bacteria 1.0918 1.0146 1.0587

Table 1. Measures of inequality for calabrese plants grown in controlled conditions, with and without the
addition of PGPR. CV is Coefficient of Variation, Gini is Gini Coefficient, Gini MD is Gini Mean of Differences
and Lorenz AC is Lorenz Asymmetry Coefficient. Differences between bacterial treatments and the control are
indicated in bold text. Differences in Gini Coefficients and Gini MD determined by non-overlap of confidence
intervals at p =0.05.
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Figure 2. Lorenz curves for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown
in the controlled experiment. The diagonal straight line represents the line of equality. Control plants depicted
in black, PGPR addition in red.
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UK field experiment Indian field experiment

Total bi Root bi Shoot bi Total bi Root bi Shoot biomass
CV control 25.51 41.25 29.14 23.36 38.22 21.36
CV B. amyloliquefaciens 71.41 48.83 77.61 42.45 41.86 42.78
Z test 3.41,p<0.001 0.619, NS 3.16,p<0.01 2.29, p<0.05 0.34,NS 2.65,p<0.01
CV B. cereus 48.19 70.79 53.33 38.17 41.53 3791
Z test 2.37,p<0.05 2.82,p<0.05 2.21,p<0.05 1.91,NS 0.31,NS 2.24,p<0.05
CV B. subtilis 67.42 46.09 66.83 41.79 43.69 41.79
Z test 3.29, p<0.001 0.41,NS 2.83,p<0.01 2.24,p<0.05 0.51, NS 2.57,p<0.05
CV mixture 70.01 90.15 82.68 39.57 35.93 40.11
Z test 3.36, p<0.001 2.37,p<0.05 3.27,p<0.01 2.06, p<0.05 0.24,NS 2.43,p<0.05
Gini control 0.150 0.237 0.167 0.128 0.221 0.122
(95% CI) (0.123-0.189) (0.187-0.312) (0.140-0.215) (0.092-0.188) | (0.176-0.286) | (0.092-0.168)
Gini B. amyloliquefaciens | 0.391 0.282 0.413 0.249 0.244 0.251
(95% CI) (0.317-0.490) (0.219-0.331) (0.332-0.507) (0.194-0.301) | (0.186-0.311) | (0.195-0.313)
Gini B. cereus 0.277 0.367 0.299 0.214 0.233 0.212
(95% CI) (0.234-0.352) (0.290-0.471) (0.254-0.374) (0.167-0.286) | (0.181-0.328) | (0.168-0.279)
Gini B. subtilis 0.379 0.263 0.375 0.243 0.253 0.243
(95% CI) (0.307-0.476) (0.209-0.331) (0.323-0.444) (0.195-0.318) | (0.205-0.319) | (0.185-0.318)
Gini mixture 0.372 0.437 0.404 0.230 0.206 0.233
(95% CI) (0.287-0.493) (0.317-0.567) (0.293-0.523) (0.170-0.313) | (0.143-0.295) | (0.174-0.316)
Gini MD control 48.25 4.86 35.04 34.42 4.83 30.16
(95% CI) (39.59-60.11) | (3.86-6.94) (27.92-45.3) | (24.66-55.71) | (3.75-6.44) (22.60-42.44)
Sy‘n“‘lé‘gDuffmm 204.45 9.35 145.22 99.69 8.13 92.05
(95{% c?) (148.3-319.7) | (7.39-12.86) | (95.2-215.9) | (84.56-115.38) | (6.52-10.19) | (78.17-106.30)
Gini MD B. cereus 133.07 11.49 98.53 56.11 5.37 50.83
(95% CI) (105.1-166.9) (7.37-18.01) (72.65-132.52) | (40.15-74.32) | (3.84-7.48) (35.86-67.33)
Gini MD B. subtilis 168.24 6.92 98.97 90.29 7.40 83.13
(95% CI) (133.52-252.8) (5.22-9.28) (77.32-130.97) | (72.82-116.56) | (6.18-9.66) (66.75-107.81)
Gini MD mixture 234.01 13.17 156.80 105.14 7.50 98.05
(95% CI) (157.3-370.8) (7.36-23.66) (87.6-268.2) (83.60-134.20) | (5.63-9.89) (77.80-125.09)
LAC control 0.998 0.928 1.073 1.208 0.923 1.161
LAC B. amyloliquefaciens | 0.880 0.859 0.976 0.802 0.867 0.804
LAC B. cereus 0.976 1.084 1.049 1.256 1.121 1.254
LAC B. subtilis 0.927 0.945 0.969 0.738 0.853 0.717
LAC mixture 1.078 0.913 1.218 0.986 0.734 1.015

Table 2. Measures of inequality for calabrese plants grown in UK and Indian field conditions, with and without
the addition of PGPR. Abbreviations as in Table 1. Differences between bacterial treatments and the control are
indicated in bold text. Differences in Gini Coefficients and Gini MD determined by non-overlap of confidence
intervals at p = 0.05; NS = no significant difference.

occurred when bacteria were applied. PGPR addition therefore increased plant size variation, upholding our
original hypothesis.

There are many studies in which bacterial addition has been shown to increase plant biomass'!, but all
previous authors report changes in mean plant size, rather than inequality. Patchy effects of inoculation have
been recorded before!’, but only at the overall treatment or plot level and never at the within-treatment level,
as described here. The most likely reason for the effects seen is variable colonization and establishment of the
PGPR in the rhizosphere!. The addition of just one bacterial species can have major effects on the structure of the
rhizosphere microbial community, depending on whether the added species was already a member of that com-
munity or not'?. Such effects can be magnified if a mixture of PGPR is added'®. Thus, the most plausible expla-
nation is that the mixed inoculum of bacteria did not establish to the same degree in each pot. When successful
rhizosphere colonization occurred, plants benefited from the addition and grew large, but in some individuals,
growth promotion did not occur, leading to the increase in inequality and decrease in uniformity of plant size.
Commercial potting media may vary from bag to bag in their physical and chemical characteristics?® and it is
highly likely that they also vary in soil microbial community composition too.

Field populations of soil bacteria are notoriously heterogeneous at all spatial scales?! and so it is not surpris-
ing that the CVs for field grown plants in the UK were considerably larger than those for the pot-grown plants
(Table 2). It should be noted that these plants were also subject to insect attack, which can affect size inequality’.
Here, addition of either a single inoculation or a mixture of species increased the CV of total biomass from 25.5%
in controls up to 71% in plants inoculated with B. amyloliquefaciens (Z=3.4, p <0.001). It is probably no coin-
cidence that addition of this bacterium also caused the greatest changes in the indigenous rhizosphere microbial
community in this experiment"’. There was a much greater range in biomass in all treated plants, relative to con-
trols (Fig. 3), and the Lorenz curves for total and shoot biomass showed clear increases in inequality when any
PGPR were applied (Fig. 4). However, addition of B. subtilis or B. amyloliquefaciens had no effect on the inequality
of root biomass (Table 2 and Fig. 4b), showing that effects of PGPR addition are not just species-specific, but also
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Figure 3. Box plots showing the range in size distributions for (a) total biomass, (b) root biomass and (c) shoot
biomass of calabrese plants grown in UK field soil, with and without the addition of plant growth-promoting
rhizobacteria. Addition of PGPR indicated by: B. amy: Bacillus amyloliquefaciens; B. cer: B. cereus; B. sub: B.
subtilis; mix: mixture of all three species.

plant-organ specific. Furthermore, the addition of inoculants did not result in increases in the Lorenz asymmetry
coefficients (Table 2) and in all cases, populations were composed of a majority of small individuals. This is likely
due to the incompatibility of the added species with those already in the rhizosphere, suggesting that relatively
few plants benefited from the addition of PGPR. Indeed, no significant increases in mean plant size were found in
this study, due in part to the large inequality seen in some treatments'>.

Plants grew more rapidly in the warmer climate of India, but were smaller in size at harvest than those from
the UK. Addition of the mixture increased plant biomass (Fig. 5) and the CV for total biomass of controls was
similar to that in the UK, at 23.4% (Table 2). Most PGPR treatments increased size inequality, although B. cereus
had far fewer effects than in the UK (Fig. 5). Addition of B. amyloliquefaciens again produced the greatest increase
in the CV of total biomass, raising this to 42.4% (Z=2.29, p < 0.05). As with UK plants, addition of single species
and the mixture caused increases in the Gini coeflicient and Gini Mean of Differences, with greatest increases
seen when B. amyloliquefaciens or the mixture were applied (Table 2). As with the UK experiment, inequality of
root biomass was much less affected than shoot biomass (Table 2). Lorenz asymmetry coefficients also showed
a similar trend to the UK, in that the majority of plants in the bacterial treatments were small. Coefficients in B.
cereus treatments were very similar to controls, reinforcing the conclusion that addition of this species had no
measurable effects on the plants (Fig. 6).

Despite the differences in calabrese cultivars and the strains of Bacillus spp. used in the two field experiments,
the results were consistent in that PGPR addition increased inequality, but also showed context-specificity, as
inoculation with the same bacteria did not produce the same effect in each place. The most likely explanation
is that the natural rhizosphere bacterial communities in the UK and India differed?!, resulting in inconsistent
effects. It has been suggested that inoculation of seed with PGPR can help to overcome such problems and enable
the added bacteria to establish better, in the face of antagonism from indigenous species*’. However, we inoc-
ulated seeds in our field experiments and still found patchy effects of inoculation, even though the inoculated
species successfully colonized the rhizosphere!. Perhaps of more promise is the encapsulation of bacterial cells
within products such as sodium alginate?®, though these authors also acknowledge that the most appropriate
encapsulation method likely varies from one bacterial species to another. Intriguingly, in a study that involved
one of the species used here (B. subtilis), addition of encapsulated bacteria reduced inequality of lettuce growth,
relative to controls*.

The analysis of heterogeneity within crops is of much interest from the economic point of view, as consumers
are willing to pay a premium for attributes that include quality and uniformity*. Harvesting of crops such as cala-
brese is more efficient and economical when uniformity of the product is high?. The size of an individual calabrese
plant may be limited by the availability of N and water, both of which PGPR could potentially help to ameliorate.
However, our results clearly demonstrate the need for a better understanding of how individual plants respond
to inoculation, perhaps with tailoring of products to specific soil types to account for differences in indigenous
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Figure 4. Lorenz curves for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown
in UK field soil. The diagonal straight line represents the line of equality. Control plants depicted in black,

B. amyloliquefaciens addition in green, B. cereus addition in red, B. subtilis addition in blue and the mixed
inoculum in brown.

microbes and soil nutrients!. Furthermore, they also have critical importance for identification of the limiting
abiotic factors that may restrict yield*. In any manipulative experiment, secondary statistics of size hierarchies, or
size inequality, are useful as measures of plant competitive ability and for understanding how abiotic factors such
as water or fertilization affect plant growth?>?. If agriculture is to become more sustainable, with less reliance on
synthetic pesticides and inorganic fertilizers, then microbes such as PGPR will play a crucial role!!. In particular,
PGPR offer the potential to reduce the yield gap between conventional and organic systems’. We suggest that in
future studies of organic systems, an analysis of size inequality should accompany experiments involving PGPR
and plant growth, to inform inoculation methods, and ensure that overall yield enhancements are not at the
expense of crop quality.

Conclusions

We have presented the first demonstration that application of PGPR may promote size inequality within crop
yield, even if there are no absolute changes in yield. These results have important implications for consumers as
well as farmers and growers and those who produce microbial inoculants.

Uniformity within a crop strongly influences consumer preference and if PGPR are to be integrated into
organic production systems, there is a need to ensure that overall quality of the product is not reduced, even if
yield is enhanced. Any attempt to reduce the yield gap between conventional and organic systems should involve
an analysis of size inequality, to ensure marketability is maintained.

Analyses of size inequality can also tell us a lot about the compatibility of products with the rhizosphere. Our
results are most likely caused by inconsistent establishment of the inoculated species in soil, meaning that some
plants benefited from inoculation and grew large, while many did not and remained small. This situation is the
opposite of the uniform distribution that growers aim to produce. Future PGPR products need to be more tailored
to specific crop situations or soil types, and a universal inoculant is therefore unlikely to be successful at present.
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Figure 5. Box plots showing the range in size distributions for (a) total biomass, (b) root biomass and (c) shoot
biomass of calabrese plants grown in Indian field soil, with and without the addition of plant growth-promoting
rhizobacteria.

Materials and Methods

PGPR preparation. All experiments formed part of a three-year study into the effects of PGPR on calabrese
growth, and the insect community associated with the plants, and are described in full therein'2 Three experi-
ments, one in controlled conditions and two in field plots (one in the UK and one in India) were conducted. All
used B. oleracea var. italica and all involved single inoculations of Bacillus amyloliquefaciens subsp. plantarum,
B. subtilis and B. cereus. In the controlled experiment and UK field experiment, strains of B. amyloliquefaciens
FZB42BGSC10A6, B. subtilis NRRLB23051 and B. cereus No. 8 FW Athal or a mixed inoculum of all three spe-
cies, were used, and compared with controls. All bacterial strains were obtained from Dr B. Raymond and were
originally isolated from Arabidopsis thaliana, (Brassicaceae) in Egham, UK, and screened initially for their ability
to colonize calabrese in laboratory and field conditions!?.

In the Indian field experiment, strains of B. cereus 2028 (MTCC Accession No. 9017), B. subtilis N11 (MTCC
Accession No. 8141) and B. amyloliquefaciens TFRI4 (MTCC Accession No. 10439) obtained from the Microbial
Type Culture Collection and Gene Bank (MTCC), Chandigarh, India were used. All these Bacillus spp. have
been previously reported to be indigenous in India and to colonize an array of crops as endophytes®. Details of
the origin of each strain can be found at https://mtccindia.res.in/catalog using the MTCC Accession numbers
specified above.

Bacterial strains for all experiments were preserved at —80°C in 80% glycerol and recovered in 20 ml lysogeny
broth (LB) overnight on a rotary shaker at 37°C. Each culture was then diluted to 10~ in 0.85% saline water and
50 ul of each diluted culture were spread on 9 cm diameter petri plates containing LB agar medium to determine
the viable population count. Single inoculations consisted of 240 ml of a 10® cfu/mL suspension of each species in
0.85% saline water, while the mixed inoculum consisted of 80 ml of each species. Control plants received 240 ml of
sterilized distilled water. As a standard practice, 0.85% saline water was used for bacterial dilution as it is known
to act as an isotonic solution minimising differences in osmotic pressure inside and outside of bacterial cells.
Given the nature and frequency of bacterial inoculant application, it is unlikely that the use of sterilized distilled
water instead of 0.85% saline water in control plants would have impacted the plant biomass.

Controlled experiment. Calabrese seeds (cv. Green Sprouting (Country Value Seeds, UK)) were surface
sterilized by immersion in a 2% solution of sodium hypochlorite for 20 min. Seeds were then washed five times in
sterile distilled water and decanted to a sterile petri dish. Seeds were transferred to each of two sterile plates con-
taining reduced strength Murashige and Skoog seed germination medium. Plates were placed in the dark at 17°C
for 10 d, after which time two vigorous seedlings were each transplanted into 1L pots containing 800 ml of John
Innes Number 3 (soil based compost) (Westland Horticulture Ltd, Huntingdon, UK). There were 30 replicates
of each of two treatments; control plants with 240 ml of sterilized distilled water and bacterial inoculation with a
240 ml mixture of the three bacterial species.
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Figure 6. Lorenz curves for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown
in Indian field soil. Legend as in Fig. 4.

Bacterial inoculations were applied immediately after transplanting and after a further 7d, the weaker seedling
was removed. Plants were then grown for 12 w in constant conditions of 17°C and 16:8 L:D and irrigated twice a
week with sterilized distilled water. They were then harvested and fresh and dry root and shoot biomass recorded.

UK field experiment. This field experiment took place in Egham, Surrey, UK (51.4247°N, 0.5669°W) from
June to October 2013 and represents the plant data from a study of PGPR and insect communities'®, where a
full description can be found. The experimental plot had a free-draining slightly acid loamy soil (pH 5.4), with
low fertility. Briefly, calabrese seeds (same variety as above) were inoculated with each bacterium or a mixture of
all three species, as described in the PGPR preparation section above, and sown in a randomized block design.
To ensure successful bacterial establishment, a further inoculation of 200 ml (10® cfu ml~') of each Bacillus for-
mulation was applied to the soil around each treated plant one month after sowing. Controls received an equal
volume of sterilized water. There were 20 replicates of each of the five treatments. The site was hand weeded, but
no fertilizers or pesticides were applied, since one aim of the experiment was to examine the effects of microbial
addition on insect pest infestation levels. After 16 weeks of growth, mature plants were harvested and fresh and
dry root and shoot biomass recorded.

Indian field experiment. This field experiment was carried out at Khandala, India (18°3'N 74°2/E), from
March to June, 2014. The experimental plot had a black cotton soil, with 162 kg/ha available nitrogen, 5.6 kg/
ha available phosphorus and soil pH of 6.7. Calabrese seeds cv. Imperial (Sakata Seed Corporation, Kanagawa,
Japan) from each treatment were inoculated as described in the PGPR preparation section above. The same five
treatments as in the UK experiment were used, with 20 replicates of each. These were planted in a randomized
complete block design. Seedlings were transplanted 20 d after sowing when they attained 8-10 cm height. A fur-
ther soil application of each bacterial treatment was applied one month after transplanting.
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The plot was irrigated every alternate day, no pesticides and fertilizers were applied throughout the experi-
ment and hand weeding was practiced once every 3 weeks. Plants were harvested 14 weeks after sowing, and fresh
root and shoot biomass recorded.

Data analysis. All analyses were conducted in R 3.4.1. All data reported here pertain to fresh weight; results
for dry biomass were extremely similar, and are not presented here to avoid repetition. Inequality in final plant
size was examined with a range of measures: the Coeficient of Variation (CV), Gini Coeflicient, Gini Mean of
Differences and the Lorenz Asymmetry Coefficient, calculated from the production of Lorenz curves. The CV is
the simplest to compute and has the advantage that a statistical test can be used to compare CVs*. The package
‘zar5’ was used to make these comparisons.

More informative measures of size inequality are the Gini coefficient and Lorenz asymmetry coefficient, both
computed from the graphical depiction of inequality, the Lorenz curve. The latter is produced when the cumula-
tive proportion of total biomass (y axis) is plotted against the cumulative percentage of individuals in a population
(x axis). If all individuals are identical in size, a diagonal straight line will be obtained, termed the line of equality.
If individuals vary in size, a curve will be produced, beneath the line of equality. A comprehensive description
of Lorenz curves and the calculation of these statistics is available*® and the package ‘ineq’ was used to compute
them. Briefly, the Gini coefficient is the ratio of the area enclosed by the Lorenz curve and the line of equality and
the total triangular area beneath the line of equality. Meanwhile, the Lorenz asymmetry coefficient is the location
of the point where the Lorenz curve has a slope of 1. A coefficient >1 indicates that larger individuals contribute
most to the overall inequality, while a value <1 indicates that there is a preponderance of small individuals.

For populations that are non-normal (a common occurrence with plant size), the Gini Mean of Differences
(the mean of all pairwise differences) has been suggested as an alternative measure®' for measuring inequality and
so this was also calculated, using the ‘Hmisc’ package. Confidence intervals for all coefficients were computed
using a bootstrap procedure using the ‘boot’ package and non-overlap of intervals deemed to be significant at the
95% level®.

Data Availability
The datasets generated and analysed during the current study are available from the corresponding author on
reasonable request.

References

1. Barrett, D. M., Beaulieu, J. C. & Shewfelt, R. Color, flavor, texture, and nutritional quality of fresh-cut fruits and vegetables: Desirable
levels, instrumental and sensory measurement, and the effects of processing. Crit. Rev. Food Sci. Nutr. 50, 369-389 (2010).

2. Folta, K. M. & Klee, H. J. Sensory sacrifices when we mass-produce mass produce. Hort Res 3, 16032, https://doi.org/10.1038/
hortres.2016.32 (2016).

3. Probst, L., Houedjofonon, E., Ayerakwa, H. M. & Haas, R. Will they buy it? The potential for marketing organic vegetables in the
food vending sector to strengthen vegetable safety: A choice experiment study in three West African cities. Food Policy 37,296-308
(2012).

4. Lindemann-Zutz, K., Fricke, A. & Stutzel, H. Prediction of time to harvest and its variability of broccoli (Brassica oleracea var.
italica) part II. Growth model description, parameterisation and field evaluation. Sci. Hort. 200, 151-160 (2016).

5. Kravchenko, A. N., Snapp, S. S. & Robertson, G. P. Field-scale experiments reveal persistent yield gaps in low-input and organic
cropping systems. Proc. Nat. Acad. Sci. USA 114, 926-931 (2017).

6. Seufert, V., Ramankutty, N. & Foley, J. A. Comparing the yields of organic and conventional agriculture. Nature 485, 229-U113
(2012).

7. Gange, A. C. & Brown, V. K. Insect herbivory affects size variability in plant populations. Oikos 56, 351-356 (1989).

8. Hanley, M. E. & Groves, R. H. Effect of the rust fungus Puccinia chondrillina TU 788 on plant size and plant size variability in
Chondrilla juncea. Weed Res. 42, 370-376 (2002).

9. Weremijewicz, J. & Janos, D. P. Common mycorrhizal networks amplify size inequality in Andropogon gerardii monocultures. New
Phytol. 198,203-213 (2013).

10. Schutz, L. et al. Improving crop yield and nutrient use efficiency via biofertilization-A global meta-analysis. Front Plant Sci 8, 2204,
https://doi.org/10.3389/fpls.2017.02204 (2018).

11. Gouda, S. et al. Revitalization of plant growth promoting rhizobacteria for sustainable development in agriculture. Microbiol. Res.
206, 131-140 (2018).

12. Gadhave, K. R. Interactions between plant growth promoting rhizobacteria, foliar-feeding insects and higher trophic levels. PhD
Thesis, Royal Holloway, University of London (2015).

13. Gadhave, K. R., Devlin, P. E, Ebertz, A., Ross, A. & Gange, A.C. Soil inoculation with Bacillus spp. modifies root endophytic bacterial
diversity, evenness, and community composition in a context-specific manner. Microb. Ecol., https://doi.org/10.1007/s00248-018-
1160-x (2018).

14. Gadhave, K. R. & Gange, A. C. Plant-associated Bacillus spp. alter life-history traits of the specialist insect Brevicoryne brassicae L.
Agric. For. Ent. 18, 35-42 (2015).

15. Gadhave, K. R,, Finch, P, Gibson, T. M. & Gange, A. C. Plant growth-promoting Bacillus suppress Brevicoryne brassicae field
infestation and trigger density-dependent and density-independent natural enemy responses. J. Pest Sci. 89, 985-992 (2016).

16. Ciancaleoni, S., Onofri, A., Torricelli, R. & Negri, V. Broccoli yield response to environmental factors in sustainable agriculture. Eur.
J. Agron. 72, 1-9 (2016).

17. Herrmann, L. & Lesueur, D. Challenges of formulation and quality of biofertilizers for successful inoculation. Appl. Microbiol.
Biotechnol. 97, 8859-8873 (2013).

18. Gadhave, K. R., Hourston, J. E. & Gange, A. C. Developing soil microbial inoculants for pest management: can one have too much
of a good thing? J. Chem. Ecol. 42, 348-356 (2016).

19. Compant, S., Clement, C. & Sessitsch, A. Plant growth-promoting bacteria in the rhizo- and endosphere of plants: Their role,
colonization, mechanisms involved and prospects for utilization. Soil Biol. Biochem. 42, 669-678 (2010).

20. Wiberg, A., Koenig, R. & Cerny-Koenig, T. Variability in plant growth in retail potting media. HortTechnology 16, 7-12 (2006).

21. Constancias, F. et al. Microscale evidence for a high decrease of soil bacterial density and diversity by cropping. Agron. Sustain. Dev.
34,831-840 (2014).

22. Mahmood, A., Turgay, O. C., Faroog, M. & Hayat, R. Seed biopriming with plant growth promoting rhizobacteria: a review. FEMS
Microbiol Ecol. 92, fiw112, https://doi.org/10.1093/femsec/fiw112. (2016).

SCIENTIFICREPORTS| (2018) 8:13828 | DOI:10.1038/s41598-018-32111-z 9


http://dx.doi.org/10.1038/hortres.2016.32
http://dx.doi.org/10.1038/hortres.2016.32
http://dx.doi.org/10.3389/fpls.2017.02204
http://dx.doi.org/10.1007/s00248-018-1160-x
http://dx.doi.org/10.1007/s00248-018-1160-x
http://dx.doi.org/10.1093/femsec/fiw112.

www.nature.com/scientificreports/

23. Schoebitz, M., Lopez, M. D. & Roldan, A. Bioencapsulation of microbial inoculants for better soil-plant fertilization. A review.
Agron. Sustain. Dev. 33, 751-765 (2013).

24. Young, C. C,, Rekha, P, Lai, W. A. & Arun, A. B. Encapsulation of plant growth-promoting bacteria in alginate beads enriched with
humic acid. Biotechnol. Bioeng. 95, 76-83 (2006).

25. Hussein, M., Silva, A. & Fraser, I. Linking intrinsic quality attributes of agricultural produce to revealed consumer preferences. Food
Qual. Prefer. 41, 180-188 (2015).

26. Du, Y., Li, Z. Z. & Li, W. L. Effect of different water supply regimes on growth and size hierarchy in spring wheat populations under
mulched with clear plastic film. Agric. Water Manag. 79, 265-279 (2006).

27. Sadras, V. & Bongiovanni, R. Use of Lorenz curves and Gini coefficients to assess yield inequality within paddocks. Field Crops Res.
90, 303-310 (2004).

28. Mohandas, S. P. et al. Bioactives of microbes isolated from Western Ghat belt of Kerala show beta-Lactamase inhibition along with
wide spectrum antimicrobial activity. Appl. Biochem. Biotechnol. 167, 1753-1762 (2012).

29. Miller, G. E. Asymptotic test statistics for coefficients of variation. Communic. Statist. - Theor. Meth. 20, 3351-3363 (1991).

30. Damgaard, C. & Weiner, J. Describing inequality in plant size or fecundity. Ecology 81, 1139-1142 (2000).

31. Yitzhaki, S. Gini’s Mean difference: a superior measure of variability for non-normal distributions. Int. J. Stat. 56, 285-316 (2003).

32. Dixon, P. M., Weiner, J., Mitchell-Olds, T. & Woodley, R. Bootstrapping the Gini coefficient of inequality. Ecology 68, 1548-1551
(1987).

Acknowledgements

We are grateful to Royal Holloway, University of London for funding and to Ben Raymond and Andrew Matthews
for provision of bacterial cultures in the UK. We are grateful to Mark Levy for assistance with the field site in the
UK and Prof. T.K. Narute for allowing us to use technical facilities at Department of Plant Pathology, College of
Agriculture, Pune, India and for his help when setting up the field experiment.

Author Contributions
A.C.G. and K.R.G. designed the experiments. K.R.G. conducted the laboratory and field studies and collated the
data. A.C.G. analysed the data and wrote the paper, with editing by K.R.G.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:13828 | DOI:10.1038/s41598-018-32111-z 10


http://creativecommons.org/licenses/by/4.0/

	Plant growth-promoting rhizobacteria promote plant size inequality

	Results and Discussion

	Conclusions

	Materials and Methods

	PGPR preparation. 
	Controlled experiment. 
	UK field experiment. 
	Indian field experiment. 
	Data analysis. 

	Acknowledgements

	Figure 1 Box plots showing the range in size distributions for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown in the controlled experiment, with and without the addition of a mixture of plant growth-promoting rhizobact
	Figure 2 Lorenz curves for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown in the controlled experiment.
	Figure 3 Box plots showing the range in size distributions for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown in UK field soil, with and without the addition of plant growth-promoting rhizobacteria.
	Figure 4 Lorenz curves for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown in UK field soil.
	Figure 5 Box plots showing the range in size distributions for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown in Indian field soil, with and without the addition of plant growth-promoting rhizobacteria.
	Figure 6 Lorenz curves for (a) total biomass, (b) root biomass and (c) shoot biomass of calabrese plants grown in Indian field soil.
	Table 1 Measures of inequality for calabrese plants grown in controlled conditions, with and without the addition of PGPR.
	Table 2 Measures of inequality for calabrese plants grown in UK and Indian field conditions, with and without the addition of PGPR.




