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Abstract
There is evidence that shows that phosphorus (P) fertilization has a moderate effect on the rhizosphere microbial composition of
cultivated crops. But how this effect is manifested onwild species of the same crop is not clear. This study compares the impact of
phosphorus fertilization with rhizosphere bacterial community composition and its predicted functions, related to P-cycling
genes, in both cultivated and non-cultivated potato (Solanum sp.) plants. It was found that the biomass of non-cultivated potatoes
was more responsive to P fertilization as compared with cultivated plants. Differences in general bacterial community compo-
sition patterns under increasing P amendments were subtle for both potato groups. However, potato genotype significantly
influenced community composition with several bacterial families being more abundant in the cultivated plants. In addition,
the predicted phosphatases had lower abundances in modern cultivars compared with non-cultivated potatoes. In summary,
despite higher accumulation of differentially abundant bacteria in the rhizosphere of cultivated plants, the responsiveness of these
plants to increase P levels was lower than in non-cultivated plants.
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Introduction

The microbial community associated with the rhizosphere can
have a profound effect on nutrition, growth, and health of
plants in agro-ecosystems [1]. Root symbionts and free-
living microbes are responsible for the acquisition of nutrients
that are otherwise inaccessible to plants [2]. The effectiveness
of plant root and microbial synergies is influenced by

management practices impacting soil biological communities
[3]. Previous studies have shown that the applications of her-
bicides, pesticides, and tillage can lead to a shift of the micro-
bial community composition and function [4–6]. Despite this,
our understanding of the effects of excessive fertilization and
its impact in rhizosphere microbiome composition and crop
health remain sparse.

Phosphorus (P) is an essential element in plant nutrition
and a major limiting nutrient in agriculture [7]. After being
applied to soils, P can be fixed by soil sorption or precipitated
by free aluminum (Al+3), iron (Fe+3), or calcium (Ca+2) de-
pending on soil pH, thus becoming unavailable to plants [8].
Additionally, P uptake in most crops is generally restricted to
10–20% of the P applied [9]; thus, farmers are continually
encouraged to increase P fertilization and any excess P tends
to accumulate in soils [10]. This residual P fertilizer is also
known as “P legacy” and is defined as the difference of cu-
mulative inputs including mineral P fertilizer, atmospheric
deposition, and weathering and cumulative outputs, such as
P removal during harvest, erosion, leaching, and run off [11].
Currently, P fertilization inputs into arable lands are nearly
double the rate of actual plant uptake capacity. For instance,
during the period 1965–2007, the input of P fertilizer and
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manure in North America was 500 kg ha−1, while cumulative
P uptake was approximately 250 kg ha−1: meaning that only
half of the applied P was utilized by crops [12]. The excess of
synthetic fertilization in soil is becoming more apparent [13];
recent evidence shows that phosphatase demand in plant in-
fluences root microbiome community [14], however, the evi-
dence on the potential detrimental effect of P on microbial
communities is scarce. Hence, there is a need to understand
the impact of P legacy and its potential interaction with mi-
crobial communities in plant rhizospheres.

Cultivated potatoes (Solanum tuberosum L.) were do-
mesticated between 8000 and 10,000 years ago from wild
Solanum species native to the Andes of southern Peru
[15]. In its natural habitat, wild potato species grow in
nutrient-limited (and P deficient) soils, suggesting that
there may be a rich interaction between plants and bene-
ficial microbes to support adequate plant nutrition. Over
the last 150 years, potatoes have been bred mainly for
below-ground traits, such as tuber development to in-
crease yield [16, 17]. In conjunction, many cultivars have
been bred within a context of frequent P fertilization dur-
ing domestication. As a consequence, high fertility condi-
tions used during plant breeding and selection may have
hampered the ability of plants to initiate beneficial inter-
actions with microbes related to nutrient availability and
solubilization [18, 19]. In natural environments, numerous
microorganisms including species of fungi and bacteria
are effective at releasing P from organic and inorganic
soil P pools through mineralization and solubilization, re-
spectively [20]. Short- and long-term studies have shown
that this symbiosis can be altered when high levels of P
are added to soils. A short-term greenhouse experiment,
in blueberries, showed that high levels of P (192 kg ha−1)
reduced the abundance of genes associated with phospha-
tases production in soil, accompanied by a shift in the
microbial community associated of the rhizosphere [21].
In a different study, incremental addition of soil phosphate
in a long-term P fertilization study significantly affected
arbuscular mycorrhizal fungal community composition
[22]. This microbial shift caused by fertilization over time
seems to be more prevalent in modern crop varieties. For
example, the nitrogen-fixing endophyte Azoarcus spp.
preferentially colonized wild rice species and old varieties
as compared with modern cultivars [23]. A more recent
study demonstrated that an indigenous landrace of maize
grown using little or no fertilizer showed high levels of
nitrogen (N) fixation, deriving up to 82% of the plant N
from the atmosphere. This was mainly due to diazotrophic
bacteria which were not present in modern maize varieties
[24]. A reduced number of studies have addressed the
rhizosphere microbiome of potato, particularly focusing
on differences between cultivars and plant developmental
stages [25, 26]. The genotypic effect on the microbiome

of wild and domesticated plants is available for limited
number of crops such as Phaseolus vulgaris [27], but
not for potato under phosphorus fertilization amendment.

To successfully manage beneficial interactions between
plant roots and microbes, we need to better understand the
impact of soil management on root-associated microbial com-
munities along a domestication gradient. In this study, it was
hypothesized that high P rates would differentially affect the
microbial composition particularly of P solubilizing bacteria
in modern cultivars compared with non-cultivated varieties. In
addition, we anticipated a higher P content and biomass gain
for the non-cultivated potatoes compared with modern potato
cultivars. Lastly, bacteria associated with the P-cycle (i.e.,
containing phosphatase enzymes) were expected to be signif-
icantly more abundant for non-cultivated varieties.

Materials and Methods

Selection of Potato Accessions and Growth Conditions

This study was performed in a greenhouse at the Plant Growth
Facility (PGF) of Colorado State University (CSU), Fort
Collins, CO, between the month of March and May 2018.
Three commercial cultivars of Solanum tuberosum widely
grown in North America were selected: “Yukon Gold”
(YG), “Russet Burbank” (RB), and “Red Norland” (RN);
one direct progenitor of the three commercial cultivars:
Solanum tuberosum subsp. tuberosum (PI 595492) (STT);
one landrace: Solanum tuberosum subsp. andigena
(PI258907) (STA); and one wild type : Solanum
bulbocastanum (PI 275184) (SB) were chosen to evaluate
the impact of P fertilization on rhizosphere soil microbial
communities along a crop domestication gradient. Certified
organic tubers from commercial cultivars were obtained from
Grand Teton Organics farm, Idaho, USA. Tubers were pre-
sprouted during ten 10 days at room temperature. Botanical
seeds from the three non-cultivated accessions were obtained
from the Potato Gene Bank, Sturgeon Bay, Wisconsin, USA.
Potato seeds were pre-treated with gibberellic acid at
2000 ppm and surface disinfected with 3% of sodium hypo-
chlorite and left for 24 h in distillate water. Seeds were pre-
germinated on wet filter paper and moved to Hoagland nutri-
tional solution (4.33 g L−1) for 9 days. Small plants were
transplanted to a substrate made of vermiculite, sand, and soil
(1:1:1) during 10 days for fast growth. Tubers of the three
cultivars and seedlings of three accessions were transplanted
to 15-cm pots containing a mix of two parts sand and one-part
soil collected (0-–20-cm depth) from a field previously
planted with winter squash (field 7 South) from the
Agricultural Research, Development and Educational
Center–South farm (ARDEC) of Colorado State University.
Soil was collected on March 13, 2018, soil texture is sandy
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clay loam, pH of 8.4, and organic matter of 3.0%. Plants were
grown on benches in the greenhouse for approximately
70 days.

Fertilizer super triple phosphate (0-45-0) was applied at 3
rates equivalent to 0, 67, and 133 kg ha−1 every 15 days
starting on March 22nd to all six different potato genotypes.
Suggested P fertilizer rates are based on preplant application
related to soil test levels. Extractable P level in the soil used for
this experiment was > 11 ppm, which is considered a high
level for the AB-DTPA (ammonium bicarbonate-
diethylenetriaminepentaacetic acid) test. The fertilizer rate
suggested when P content is above 11 ppm, is 67 kg ha−1,
and expected yield of 45 tons of potato per hectare [28].

Plants were irrigated to field capacity with a sprayer on
alternate days. The range of average min and max tempera-
tures in the greenhouse during the experiment was 16 to
30 °C. Treatments were arranged in a randomized complete
block design with 10 replicates per treatment. Every replicate
consisted of a single potato plant per pot. A research random-
izer software version 4.0 of open access was used for this
purpose (http://www.randomizer.org).

Rhizosphere Soil Collection and Plant Biomass
Sampling

For this study, we refer to the ectorhizosphere as rhizosphere
soil. The ectorhizosphere is the area surrounding the roots
[29]. We sampled the immediate soil adjacent to the
ectorhizosphere. Rhizosphere soil from each plant was col-
lected after 70 days of growth by removing the plants from
the pots, and gently shaking the whole plant to separate the
bulk soil and exposing the plant roots. The remaining soil
particles, still attached to the root hairs in the rhizosphere
zone, were collected, pooled into bags as individual samples,
stored for 24 h at 2 °C, and then the DNAwas extracted. Fresh
plants, shoots, and roots were weighed and fresh biomass
recorded immediately after harvest. Plants were then placed
in an oven for 4 days at 80 °C and weighed.

The fact that the three cultivated potatoes were grown from
tuber pieces (as opposed to the non-cultivated plants grown
from botanical seeds) added an additional belowground
weight to the cultivated group. To correct this, we reduced
3 g (i.e., average dry weight of the starting tuber piece) from
the total dry weight of each of the three cultivated potatoes.

Plant Nutrient Analysis

All 10 dried replicate plants from each given cultivar per each
of the three P rates were mixed and homogenized. One dry
sample per each treatment was submitted for analysis to the
Soil, Water and Plant Testing Laboratory at CSU to determine
total P content.

DNA Extraction, PCR, and 16S rRNA Amplicon
Sequencing

Total DNAwas extracted from each 0.25 g of rhizosphere soil
sample using a DNeasy Power Soil DNA isolation kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instruction. The DNAwas quantified using a spectrophotom-
eter (Thermo Scientific NanoDrop 2000c, Vernon Hills, IL).
All isolated DNA had an absorbance ratio (A260/A280) be-
tween 1.8 and 2.0.

Quantitative PCR (qPCR) amplification of the bacterial
16 S ribosomal RNA (rRNA) genes (V1–V3 hypervariable
region) was performed with the 27 F and 338 R primers [30,
31]. The reaction mix of 20 μL contained 2.0 μL of each
primer (10 μM), 4 μL HPLC water, and 10 μL Maxima
SYBRgreen 2 × (cat # K0242, Thermo-Fisher Scientific).
The DNA samples were diluted to a concentration of
3 ng μL−1, 2 uL was used per reaction. Amplification was
performed as follows: (1) 95 °C for 5 min; (2) 95 °C × 40 s;
55 °C × 120 s, 72 °C × 60 s, repeated 30 times; (3) 72 °C ×
7 min. Genomic DNA isolated from Pseudomonas putida
KT2440 was used as an external standard in order to calculate
16S rRNA copies per g soil FWextracted assuming a P. putida
genome size of 3.174 fg and seven 16S rRNA copies per
genome. qPCR efficiency was 90% and could detect as little
as 100 P. putida genomes in a single PCR reaction.

Sample pool sequencing libraries were constructed by am-
plification of the V4 region of the 16S rRNA gene using
primers 515F and 806R following the protocol for the Earth
Microbiome Project [32]. Briefly, amplicon libraries contain-
ing Illumina adaptors and 12-bp Golay barcodes were gener-
ated for each sample, cleaned using AmPure beads, quantified
with PicoGreen, and pooled in equimolar ratios prior to se-
quencing at Colorado State University Next-Generation
Sequencing (NGS) core facility using a 2 × 250 Miseq flow
cell (Illumina, San Diego, CA).

Paired-end sequence reads were concatenated and all com-
bined 16S sequences were filtered, trimmed, and processed
with the DADA2 (R bioconductor package) [33]. The
DADA2 implementation is included in the open-source bio-
informatics tool myPhyloDB version 1.2.1 [34]. All primers
were removed from each sequence using the open-source
Python program Cutadapt [35] and sequence variants were
inferred using the default pipeline in DADA2. Each sequence
variant identified in DADA2 was classified to the closest ref-
erence sequence contained in the Green Genes reference da-
tabase (Vers. 13_5_99) using the usearch_global option (min-
imum identity of 97%) contained in the open-source program
VSEARCH [36].

After processing, the 16S library pool data was rarefied to
19,221 sequences reads and one sample (5131 reads from the
STA, 133 kg) was removed as result. A rarefaction curve of
number of reads and OTUs per sample was generated
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(Supplementary Fig. 1). Additionally, myPhyloDB version
1.2.1 was used to perform a principal coordinate analysis
and differential abundance analysis. The abundance of phos-
phorus cycle genes, E3.1.3.2, appA, phoA, phoD, phoN, and
pqqC (see Table 1 for more detail), in each 16S library was
predicted using myPhyloDB’s implementation of PICRUSt
[37] and used to calculate the proportion of the microbial
community that maps to the gene of interest. Total gene-
specific abundance (copies g−1 soil FW) was calculated as
the product of the proportion of the community with the spec-
ified gene and the total 16S copies (copies g−1 soil FW).

Statistical Analysis

Three-way ANOVA was used to analyze dry weight from
cultivated and non-cultivated, root and shoots, and P fertiliza-
tion rates (Supplementary Table 1). Differences in phosphorus
content on above-ground tissues were determined using only
one repetition and two-way ANOVA analysis was used to test
significance between P rates across the 6 potato genotypes
(Supplementary Table 2). To test differences in total biomass
between cultivated and non-cultivated, one-way ANOVAwas
performed. RStudio, Version 1.2.5001 was utilized for all
above-mentioned analysis.

The effect of P rate and genotype differences in bacterial
community composition (16S rRNA sequences mapped to
Green Genes database (Ver. 13_5_99) was visualized by
constrained principal coordinates analysis (PCoA) using
Bray-Curtis distances, (capscale in R vegan package).
PERMANOVA analysis was generated by myPhyloDB for
each of the PCoA presented. The Adonis command of the R
vegan package was used for this task.

Bacteria phyla with different total abundances (16S copies
g−1 soil) at the low (0 kg ha−1 of P) or high (133 kg ha−1) were
tested by differential expression analysis based on negative
binomial distribution using the edgeR package [38].
Differential expression analysis of total abundances between
low (0 kg ha−1 of P) and high (133 kg ha−1 of P) rates was also
determined for all OTU (99% genetic distance) that mapped to
the selected P-cycle genes. Comparisons of the proportion of

sequences per individual predicted phosphatase in response to
P level and potato group (cultivated and non-cultivated) were
performed by analysis of variance (ANOVA).

Results

Above and Below Potato Plant Biomass Analysis

Three-way ANOVA analysis (Supplementary Table 1)
showed the effect of P amendments was apparent in all
six genotypes. However, cultivated potato genotypes
(“Russet Burbank,” “Yukon Gold,” “Red Norland,” and
Solanum tuberosum subsp. tuberosum) in the presence of
P fertilizer exhibited more vigorous growth compared
w i t h non - cu l t i v a t ed po t a t o spec i e s (So lanum
bulbocastanum and Solanum tuberosum subsp. andigena)
(p < 0.001) (Fig. 1A, B). Solanum tuberosum subsp.
tuberosum, a direct progenitor of modern potatoes (three
commercial cultivars used in this study), showed signifi-
cantly less biomass compared with the other cultivars.
Above-ground dry biomass increased significantly
(p < 0.001) wi th the app l i ca t ion o f 67 kg and
133 kg ha−1 of P compared with the untreated control
(0 kg ha −1) for all genotypes, except for Solanum
bulbocastanum (Fig. 1A, B). Belowground dry biomass
significantly increased for cultivar “Yukon Gold” and
the progenitor Solanum tuberosum subsp. tuberosum
when exposed to phosphorus (p < 0.05; Fig. 1B).
Cultivated potato genotypes showed a higher biomass in
below-ground organs (roots and tubers), contrary to what
was observed in non-cultivated species, which concentrat-
ed most of their biomass in their above-ground organs
(leaves and stems) (p < 0.001). Potato genotypes
responded differently in biomass allocation to the same
P level addition. For instance, “Russet Burbank”
outperformed other cultivated potatoes in above biomass
and “Yukon Gold” excelled in below-ground biomass. For
non-cultivated potatoes, Solanum tuberosum subsp.
andigena accumulated more above-ground biomass than
Solanum bulbocastanum and the opposite occurred for
below-ground biomass.

Biomass Differences among Cultivated
and Non-cultivated Potatoes

Differences of the total biomass average values (g) between
the lowest rate (0 kg ha−1), medium (67 kg ha−1), and the
highest rate (133 kg ha−1) of P for cultivated and non-
cultivated potatoes were calculated (Supplementary Fig. 2).
Solanum tuberosum subsp. tuberosum (STT) is a progenitor
used to breed modern cultivars. Consequently, in order to

Table 1 KEGG orthologues selected for PICRUSt analysis

Process KEGG

Gene Entry Definition

Decomposition E3.1.3.2 K01078 Acid phosphatase

appA K01093 4-Phytase/acid phosphatase

phoN K09474 Acid phosphatase (class A)

phoA K01077 Alkaline phosphatase

phoD K01113 Alkaline phosphatase D

Solubility pqqC K06137 Pyrroloquinoline-quinone synthase
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compare biomass gain between cultivated and non-cultivated
potato genotypes, STT was removed from further analysis.

The biomass of cultivated potato varieties increased 11%
and 22%; whereas for non-cultivated potatoes, biomass in-
creased 47% and 55% from 0 to 67 kg ha−1 of P and from 0
to 133 kg ha−1 of P treatments, respectively. The non-
cultivated potato group showed a considerably higher biomass
accumulation proportional to P addition compared with the
cultivated varieties; however, these differences were not sta-
tistically significant.

Phosphorus Content Analysis of Above-Ground
Organs

Leaf samples corresponding to each P level (0, 67,
133 kg ha−1) from the 6 genotypes were analyzed (Fig. 2).
The two-way ANOVA analysis showed significant differ-
ences between P levels (p = 0.002) and the six potato geno-
types (p = 0.039) (Supplementary Table 2). Total P concentra-
tion gradually increased for cultivated and non-cultivated po-
tato types. For P concentration in above-ground tissue, non-
cultivated potatoes had a higher content of P per unit of bio-
mass (mg kg−1) in response to increasing P addition. Further,
Solanum bulbocastanum showed twice as much of P concen-
tration values compared with the three potato cultivars, when
contrasting the highest P level (133 kg ha−1). In a similar
manner, Solanum tuberosum subsp. andigena presented a
higher but marginal P content in tissues compared with all

three cultivars. The phosphorus content in shoots for cultivat-
ed types ranged from 1040 to 6066 (mg kg−1) while the non-
cultivated potatoes ranged from 1964 to 8767 (mg kg−1)
(Supplementary Table 3). Although the two non-cultivated
species showed a different pattern of P uptake, they were

Fig. 2 P concentration (mg kg−1) in dry leaves of six potato accessions.
Solanum bulbocastanum (SB), Solanum tuberosum subsp. andigena
(STA), Solanum tuberosum subsp. tuberosum (STT), “Yukon Gold”
(YG), “Red Norland” (RN), “Russet Burbank” (RB). Each potato
accession presents three P treatments (0, 67, 133 kg ha−1). Two-way
ANOVA evidenced differences between P levels (p = 0.002) across the
6 genotypes (p = 0.039)

Fig. 1 Dry biomass of six potato genotypes treated with 0, 67, and
133 kg ha−1 of P. A Above- (leaves and stems) and below (roots and
tubers)-ground biomass of four potato accessions. From left to right:
“Russet Burbank” (RB), “Red Norland” (RN), “Yukon Gold” (YG),
and Solanum tuberosum subsp. tuberosum (STT). B Above- and below-

ground biomass of two non-cultivated accessions: Solanum
bulbocastanum and Solanum tuberosum subsp. andigena. Three-way
ANOVA was used to determine significances between genotypes, P
levels, and above- and below-ground biomass
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superior in P content in above-ground tissues compared with
cultivated potatoes.

Effect of P Amendment on Potato Rhizosphere Soil
Microbial Composition

The effect of P amendment on microbial communities of po-
tato rhizosphere soil was determined by Illumina sequencing
analysis. Principal coordinates analysis (PCoA) showed dis-
similarities in microbial communities at the potato genotype
level, with the 1st two axes explaining 17.5% of variation in
the data. A PERMANOVA analysis identified significant var-
iation in the rhizosphere soil microbial communities between
genotypes (p < 0.001) and P levels (p = 0.038) and for the
interaction between genotype and P level (p = 0.039)
(Supplementary Table 4). Furthermore, PCoA ordination of
the six potato genotypes and three fertilizer levels showed that
all three potato cultivars clustered together while the three
non-cultivated potatoes were grouped individually and further
apart (Fig. 3). In addition, plant genotype appears to drive
microbial community composition to a greater degree than
increasing P levels (Fig. 3). Interestingly, when microbial
composition of every genotype was analyzed individually,
the divergence per P fertilizer level became visually more
apparent. However, “Red Norland” was the only genotype

showing a significant difference among P levels (p = 0.029)
by a PERMANOVA analysis (Supplementary Figs. 3, 4).

Differential Abundance Analysis of Bacteria
for Modern Cultivars and Non-cultivated Potatoes

The differential abundance analysis showed a distinctive
bacteria taxon in each group that varied the most in relative
abundance from the lowest to the highest P treatment (0 to
133 kg ha −1). A phylum and family-level analysis of the
microbiota in the two different potato groups indicated a
higher degree of differential abundances (between the low
and the high P treatments) for taxa in the cultivated potato
over the non-cultivated group. The Rhodospirillaceae,
M i c r o m o n o s p o r a c e a e , N o c a r d i o i d a c e a e ,
Streptomycetacea, and Actinosynemataceae were signifi-
cantly more abundant (FDR < 0.1; p < 0.01) in the cultivat-
ed potatoes. The family taxa Ellin5301, Cystobacteraceae,
and unclassified families were less abundant among culti-
vated varieties (FDR < 0.1; p < 0.01). Within the cultivated
group and when comparing low (0 kg ha −1) and high
(133 kg ha −1) P levels, one unclassified family from the
phylum Gemmatimonadetes was found to decrease in
abundance; however, the remaining 10 phyla increased in
relative abundance under P addition. In contrast, fewer
families were significantly different for the non-cultivated
group. The taxa Flavobacteriaceae, Cyclobacteriaceae,
E n t e r o b a c t e r i a c e a e , A e r om o n a d a c e a e , a n d
Alteromonadaceae were all present in the non-cultivated
potato. Alteromonadaceae was the only taxa that decreased
in abundance from the non-cultivated potato group
(Fig. 4).

Effect of P Rate on Predicted Acid and Alkaline
Phosphatase Genes by PICRUSt

In these analyses, we assessed the abundance of predicted
phosphatases across the whole bacterial community. Six dif-
ferent phosphatase genes were mapped in the two groups of
potatoes of interest (cultivated or non-cultivated) and under
two P levels (low or high). Overall, high P amendments in-
creased the abundance of all predicted phosphatases compared
with low P rates, for both potato groups (Fig. 5); this increase
in abundance was not statistically significant for any of the six
phosphatases. When comparing abundances of predicted
phosphatases between non-cultivated and cultivated potatoes,
irrespective of the P level, the enzymes in the former group
were found to be more abundant than in the cultivated pota-
toes. Four out of the six predicted enzymes were more abun-
dant in the non-cultivated group, including three acid phos-
phatases (E3.1.3.2, appA, phoN) and one alkaline phosphatase
(phoA). Significant differences between cultivated and non-
cultivated were found only for appA (p = 0.0369). The

Fig. 3 Principal coordinate analysis (PCoA) using Bray-Curtis distances,
depicting 16S rRNA data from rhizosphere soil samples, amended with
three levels of P in six potato genotypes. Potato genotype drives the
separation of rhizosphere microbial communities. Confidence ellipses
are shown around each potato accession: SB: Solanum bulbocastanum
(green), STA: Solanum tuberosum subsp. andigena (purple), STT:
Solanum tuberosum subsp. tuberosum (orange), “Russet Burbank”
(blue), “Red Norland” (red), “Yukon Gold” (yellow). P levels are
0 kg ha−1 (circle), 67 kg ha−1 (square), and 133 kg ha−1 (Rhomb)
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remaining two phosphatases (phoD and pqqC) were similarly
abundant when comparing cultivated and non-cultivated po-
tato groups. Two-way ANOVAwas also performed to evalu-
ate interaction between P level and potato group, but no sig-
nificance was found (data not shown).

Effect of P Rate on Presence or Absence of Predicted
Phosphatase Genes for the Subset of Taxa that Were
Differentially Abundant

A subsequent analysis was conducted to postulate the pres-
ence or absence of the predicted phosphatase genes that
mapped only to those families identified on the differential
abundance analysis for each potato group (Supplementary
Fig. 5). To be marked as present, the P-cycle gene (per each
of the six genes) had to appear in at least one member within a
given bacterium family, regardless of the number of members
within each family. Contrary, to be considered as absent, each
gene had to be not present in each member within a given
bacterium family. The relationship between the relative or
total abundances of P-cycle genes and bacteria taxa was pre-
dicted with the aid of PICRUSt. Potato cultivars had the
highest frequency of P-related genes present compared with
non-cultivated potatoes for this subset of families. Five out of
six different P-cycle genes were present in this group com-
pared with four out of six different genes in non-cultivated
potatoes. For both groups, alkaline phosphatases genes were
predicted to be more frequent.

Discussion

Non-cultivated Potatoes Assimilate P more Efficiently
than Modern Cultivars

Differences in biomass (from 0 to 133 kg ha −1 of P)
between the modern cultivars (tuber-bearing potatoes:
“Russet Burbank,” “Yukon Gold,” and “Red Norland”)
and the wild species and landrace (non-tuber-bearing po-
tatoes: Solanum bulbocastanum and Solanum tuberosum
subsp. andigena ) showed that the la t ter group
outperformed the former by fourfold, and that the P con-
tent in above-ground tissues was twice as much for the
non-cultivated group. This may suggest a higher efficien-
cy of certain potato types to uptake P from soils. It is
worth noting that there are two conflicting plant traits in
our dataset (biomass versus P uptake). From the perspec-
tive of decreasing P legacy in soils, which translates into
less runoff and eutrophication, it may be that a more
efficient uptake of P is more favorable regardless of
how it impacts plant growth [11]. In contrast, for the
purpose of yield increases, belowground biomass traits
(tubers in particular) are more desired even if it does
not result in the maximum possible P uptake by the plant
[39]. Current plant breeding favors increasing below
plant biomass at the expense of increasing total P uptake.
However, we suggest a common ground between both
traits to enhance potato cultivar selection and resources
efficiency traits.

Fig. 4 Log fold changes (LogFC) of microbial abundances means from
high (133 kg ha−1) and low (0 kg ha−1) phosphorus amendment. A
Rhizosphere soil samples from cultivated potatoes. B Rhizosphere
samples from non-cultivated potato plants. LogFC was calculated by

subtracting the baseMean counts of log ratios of each microbial taxa (at
the family level; FDR< 0.1) present at low P (0 kg ha−1) from microbial
taxa present at the highest P level. Analysis was performed using the
edgeR package, within the bioinformatic software myPhyloDB
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Fig. 5 Comparisons of the proportion of sequences per each predicted
phosphatase (acid and alkaline), between low and high P treatments (0
and 133 kg ha −1) and between cultivated and non-cultivated potatoes.
ANOVA and Tukey HSD test were performed per each phosphatase (low
and high, and cultivated and non-cultivated). Letters denote statistical

significance. Acid phosphatases: E3.1.3.2 (A), appA (B) (p = 0.0369),
and phoN (C). Alkaline phosphatases: phoD (D) and phoA (E).
Pyrroloquinoline-quinone synthase: pqqC (F). The proportion of
sequences from predicted phosphatases was generated by PICRUSt,
using myPhyloDB software
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Rhizosphere Microbial Communities Differ
Among Modern Cultivars and Non-cultivated Potato
Genotypes and Between P Level

At a broader level, our results indicated that the root-
associated bacterial community was strongly influenced by
the host more so than by the effect of fertilizer addition. This
finding supports previous research showing that plants can
host their own distinct root microbiota not only at a plant
species level, but also at a cultivar level [26, 40–42]. Most
of the differences in this study were seen at the plant species
level. All cultivars were similar in their microbial community
composition based on Principal coordinate analysis and dif-
fered drastically from non-cultivated potato species.
Additionally, a shift in bacteria community composition with
the addition of P was observed when individual potato geno-
types were analyzed; however, it was only statistically signif-
icant for Red Norland cultivar. Recently, Bodenhausen et al.
[41] demonstrated a compositional difference in microbial
communities of Petunia sp. (Solanaceae) after P supplemen-
tation. Similar response has been reported for blueberry, a
recently domesticated plant [21]. In both studies, it was ob-
served that incremental P amendments selected certain taxa
causing divergence of the whole community in the rhizo-
sphere soil. In a similar manner, [43] Kaminsky et al. showed
that soil nutrient amendment can significantly alter the struc-
ture and activity of the soil microbiome of Medicago sativa
impacting the ability of the microbiome to support crop
health.

These observed differences in microbial community com-
position between potato groups and the differences in biomass
gain and P content favoring non-cultivated potatoes might hint
at a relationship between plant fitness and specific rhizosphere
microbial communities. Namely, this plant response could be
linked to distinctive microbial communities inhabiting the rhi-
zosphere of one potato group but absent in the other. An
existing hypothesis proposed a decrease in the ability to pro-
mote microbial symbiosis in modern cultivars in response to
highly fertile conditions used during the plant breeding pro-
cess [18]. A number of studies on fungi and bacteria among a
variety of crops such as maize, wheat, pea, and soybean
showed evidence for this hypothesis [44–47]. In contrast to
this hypothesis, our differential abundance analysis exhibited
a higher degree of differential abundance and larger number of
bacteria taxa at family-level present in modern cultivars com-
pared with non-cultivated potatoes under the same cut off
(FDR < 0.1; p < 0.001). Additionally, the Shannon diversity
index showed an increase in diversity for cultivated potatoes
and the opposite for non-cultivated after P amendment for the
overall community (Supplementary Table 6). This could im-
ply a potential lack of plant control in cultivated plants over its
associated microbiome leading to the presence of microbes
that are more directly linked to soil nutrient levels or any other

physiochemical condition in the rhizosphere determined by
soil type, root activity, or climate [48]. We acknowledge that
the larger number of plants used for the cultivated potato
group (3 cultivars) compared with the non-cultivated (2 plant
species) could have influenced, at least partially, the power of
the observed results favoring the number of the observed taxa
in the differential abundance analysis of cultivated potato
group. However, the degree of response of the differentially
abundance per each taxon for both potato groups should not
be affected by the sample size, but by the P fertilization rate
(low versus high P levels).

Differential Microbial Abundance and Predicted
P-Cycle Genes Suggest a Subset of Opportunistic
Bacteria Competing with the Plant for P in Modern
Potato Genotypes

Bacterial taxa (differentially abundant under the highest P
rate) present in cultivated and non-cultivated potatoes were
estimated. Most of the bacteria displayed in the differential
abundance analysis for the cultivated potato group belong to
Proteobacteria and Actinobacteria phyla. Actinobacteria have
been shown to be linked to soil P-cycling and a recent study
demonstrated that P fertilization modified microbial commu-
nity structure to a more copiotroph bacterial community [49,
50]. Moreover, a different study observed that nutrient-rich
environments are preferred by bacteria with fast-growing rates
as Proteobacteria and Actinobacteria [51, 52]. The higher fre-
quency of phosphatases and the presence of both
Actinobacteria and Proteobacteria on the cultivated potatoes
may indicate that the occurrence of fast-growing bacteria
tends to have increased presence of phosphatase genes when
exposed to high P amendments. Based on these observations,
we hypothesized two possible scenarios.

First, a case in which bacteria expressing phosphatase
activity might be direct competitors with the plant for P
fertilizer. Although if there is an excess of P, and P tends
to build up, this would suggest that bacteria are not up
taking as much P away to impact plant growth. A second
and more likely scenario is that fast-growing bacteria are
mineralizing P into organic forms making it unavailable
for cultivated potato varieties over non-cultivated. Liu
et al. [53] showed that inorganic fertilizer amendment
increased mineralization of nitrogen. [54] Bardgett et al.
reported that soil microbes are capable of competing ef-
fectively with plants for organic-nitrogen in temperate
grasslands, and recently Fan et al. [55] revealed that
long-term fertilization selects against microbial N fixers
favoring other microbial groups that support their own
growth. Nevertheless, our predicted phosphatases analysis
needs to be further tested as potential mechanism of plant-
microbial competition for P.
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Proportion of Sequences of Predicted Phosphatases
for Cultivated and Non-cultivated Potatoes

In order to understand a potential link between phosphatase
abundance, plant biomass, and P content, we assessed the
abundance of predicted phosphatases across the whole bacte-
rial community (Fig. 5). Overall, most phosphatases increased
in abundance under high P amendment whether they were
cultivated or non-cultivated. Kaminsky et al. [43] observed
that enzyme activity for acid and alkaline phosphatases was
the highest (when compared with lower P rate and organic P
treatments) for microbiomes conditioned to high P treatment
during several generations which agrees with our results.

We expected to see a higher abundance of phosphatase
enzymes present in the non-cultivated group, which could
help to explain the higher P content and biomass gain in this
potato group. This was only true for acid phosphatase appA in
non-cultivated plants compared with cultivated groups. When
looking at the bacterial community as a whole, most enzymes
showed a higher proportion of predicted sequences in non-
cultivated groups, but these were not statistically different. It
remains speculative to conclude if the increase of predicted
phosphatases is related to the ability of the non-cultivated
potatoes to uptake P efficiently. Another possible hypothesis
is that P fertilizer addition might stimulate distinctive root
exudation profiles that fuels microbial growth and enzyme
production differentially for cultivated and non-cultivated po-
tatoes [56].

Bacteria with Phosphatase Activity as a Potential
Indirect Competitor with the Plant for P Fertilizer

This analysis was conducted to determine the presence or
absence of predicted phosphatase genes that mapped to fam-
ilies identified on the differential abundance analysis for cul-
tivated and non-cultivated potatoes. Such taxa drastically
changed its abundance in response to P amendment. For this
reason, we further investigated the predicted phosphatase
genes related to this subset of microbes. It is well established
that the addition of inorganic phosphate inhibits microbial
phosphatase enzyme activity and synthesis, leading to de-
creasing rates of mineralization of organic phosphate com-
pounds [51]. In our study, we observed a higher incidence of
predicted phosphatases for cultivated potato plants under P
addition in a portion of the microbial community
(Supplementary Fig. 5). This led us to hypothesize that the
excess of P fertilization selects opportunistic microbial mem-
bers that may preferentially release phosphatases to mineralize
the extra P available in the rhizosphere of cultivated potatoes,
and as consequence, reducing plant growth. In our study, the
extra P fertilizer added to the soil was in inorganic form (i.e.,
orthophosphate) readily available for the plant. Recently, in-
organic phosphate-solubilizing genes have been reported [57];

but studies linking inorganic P addition and expression of
those genes have not been conducted. Despite this situation,
upon P fertilization and based on the chemical conditions of
the soil (pH, organic matter content, CEC), a considerable part
of the newly applied P can become immobile by soil particles
in a process known as adsorption and/or converted to organic
forms such as phytic acid by soil microbes [58, 59]. This soil P
conversion can prevent the cultivated potato plants from
accessing P from the soil. In support of this, it has been shown
that phosphate-solubilizing and phosphate-mineralizing abili-
ties can co-exist in the same bacterial strain, which makes
more likely the hypothesis that microorganisms expressing
phosphatase activity are also mineralizing P [60]. We suggest
that opportunistic microbial members use their enzymatic ca-
pabilities not only under P scarcity but also under P excess in
order to convert inorganic P into organic forms.

Conclusion

These results provide an initial insight into the impact of mineral
P on the rhizosphere microbiome of potato. This study suggests
that excessive P amendment results in microbial conversion of P
to forms that are not available to the plant translating this into
less biomass gain and P uptake on modern potato cultivars.
However, the confirmation of these hypotheses warrants
experimental testing.
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