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As a geocarpic plant, the fruits of peanut are matured below ground. Developing pods
share a similar nutritional and microbial environment as roots, albeit they have distinct
physiology and responses to environmental stimuli. Separating pods and roots into
different environments to study a pod-specific or a root specific response to stimuli is still
technically challenging. Research was conducted to develop an easy and affordable system
to support the growth of individual pods in a controlled environment that is separate
from roots, named the In-Tube Growth (ITG) system. The data indicate that the growth

of pods of various varieties in ITG is comparable to those in open soil. The ITG system

was used to investigate the defects caused by calcium deficiency in the geocarposphere,

demonstrating it as a useful system for studying pod development and their responses to

biotic or abiotic stresses.

INTRODUCTION

Peanut (Arachis hypogaea) is the only economically important
geocarpic plant species, producing flowering structures above
ground but forming fruits below ground. After pollination, a
gynophore (peg) is produced which contains the fertilized
ovules at the tip (Smith, 1954). The peg is positively geotropic,
and between 4 and 7 days after pollination it enters the soil to
a depth of 2 to 8 cm below the surface, otherwise known as the
pegging zone. Here the embryo within the peg begins to swell
(Bledsoe, Comar, & Harris, 1949; Moss, Rao, Pattee, &
Stalker, 1995; Rashid er a/, 2016; Zamski & Ziv, 1976; Ziv,
1981), and then forms the peanut pod and the seeds (Smith,
1954; Xi, 1991). As the pod swells, it actively uptakes nutrients
(calcium and other inorganic salts) and moisture from the
surrounding soil, while photosynthates are translocated from
mesophyll cells to developing pods (Bledsoe er al, 1949;
Inanaga & Yoshihara, 1997; Pattee & Mohapatra, 1987; Singh,
2004).

Although peanut pods and roots are both developed in
soil, they have distinct interactions with soil microbiome and
different needs for nutrition. Comparison of rhizosphere,
geocarposphere and bulk soil microbiota revealed differentiated
bacterial and fungal populations associated with each organ
(Kloepper & Bowen, 1991; Subrahmanyam & Rao, 1977). The
preferential association of some fungi and bacteria with early
of pods that  these
may be the
geocarposphere (Kloepper & Bowen, 1991; Rashid er al, 2016;
Subrahmanyam & Rao, 1977). Such pod-associated microbiota

developmental  stages indicates

microorganisms adapted for

colonizing

could influence the level of infection by fungal pathogen
Aspergillus flavus and the production of aflatoxin (Chourasia &
Sah, 2017; Li er al, 2020). Selected geocarposphere bacteria
were also proposed as a biological approach for controlling
Aspergillus infection and aflatoxin biosynthesis in peanut
(Dong et al, 2020; Lyu, Yang, Wu, Zhang, & Li, 2020;
Mickler, Bowen, & Kloepper, 1995; Yan er af., 2010).

As an essential nutrient for pod development, calcium is
directly absorbed by developing pods from geocarposphere

rather than being transported from roots (Bledsoe er af,, 1949;
Brady, 1948; Skelton & Shear, 1971; Wiersum, 1951; S. Yang
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et al., 2020). Soluble calcium is critical for proper pod and
embryo development. Deficiency of soluble calcium (<400
ppm) in the soil surrounding the developing pods leads to
abortion of seed development (Dey, Pal, Bhatt, & Chauhan,
2004; Kissel & Sonon, 2008; R. Yang, 2014). If the seed is not
aborted, its quality is severely affected, diminishing its
commercial value. A calcium-deficient soil promotes stress
within the peanut plant and increases the severity of diseases
caused by soil borne pathogens. For example, pod rot is caused
by a group of fungal pathogens, and is more severe in peanuts
grown in calcium-deficient soil (Damicone, 2014). To mediate
a lack of soluble calcium in the field, supplemental sources are
used such as gypsum (CaSOs4) or lime (CaCOs). Gypsum is
highly soluble and therefore applied at pegging time, whereas
lime is incorporated into the soil prior to planting to allow time
for the calcium to become available; and is used primarily to
alter pH. A few studies investigating the global transcriptional
response to calcium deficiency revealed that auxin and
gibberellin (GA) pathway genes were differentially expressed in
pods grown in calcium-deficient or calcium-sufficient soil, as
well as genes involved in Ca** signal transduction, nutrition
absorption and microRNA function (Chen eral, 2019; S. Yang
et al., 2017; S. Yang er al,, 2020). However, in these studies,
both roots and pods were exposed to calcium deficiency, so it is
unclear which responses observed in pods are secondary results
of calcium deficiency sensed via root (Chen eral., 2019; S. Yang
etal, 2017; S. Yang er al., 2020).

The object of this study is to develop an experimental
system that allows researchers to study pod development and
microbial conditions in a controlled environment.

MATERIALS AND METHODS

Plant source and growth conditions

Peanut varieties used in this study were Numex High Oleic 01
(Reg. No. CV-123, PI 670460) and Georgia-06G (CV- GA
011557). Seeds were germinated in soil and grown in a growth
chamber (Model CMP3244 Winnipeg, Canada) at 26 C day/
23 C night, with 12 hr day/ 12 hr night and with a 62%
humidity. Plants were grown to full maturity within 1.3-gallon
tulip pan circular pots containing Professional Growers Mix
potting soil (Sungro Horticulture, Agawam MA, USA 01001).
Plants were watered to soil saturation twice a week. Plants were
fertilized with an all-purpose 24-8-6 water soluble fertilizer
(Miracle-Gro, Marysville OH, USA 43040) every other week.

The In-Tube Growth (ITG) System

The ITG system was developed to support individual pod
growth in a controlled environment (Fig. 1). A 50 ml Falcon
conical tube (Thermo Fisher Scientific Waltham MA, USA
02451) was modified to hold soil and the developing pod. The
lid with five 6-mm holes served as a gas exchange system. The
perforated lid was then covered in three alternating layers of 1-
inch 3M Micropore tape (3M, Saint Paul MN, USA 5122). On
the interior side of the cap was a 0.5 mm gridded mesh. The
tube was sealed around the cap-tube junction with parafilm.
The gas exchange system allowed proper moisture and humidity
control, while simultaneously providing the exchange of gasses
to prevent an anaerobic environment. The standard 50 mL tube
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Figure 1: Assembly of the ITG system. A) Components of the ITG system. The lid was with five 6 mm holes, three layers
of 3M micropore tape and a mesh. Soil was filled up to 35ml in a 50 ml tube. The bottom of the tube has a single hole for
insertion of the peanut peg. The whole system is wrapped in aluminum foil. B) Close-up view of a peg inserted in a tube. C)
A representative image showing multiple tubes hosting individual pods attached on a peanut plant. D) A pod growing in a

tube. Arrow points to a developed pod

had one 0.5mm hole drilled at its bottom, covered with
Parafilm (Bemis Company, Neenah W1, USA 54956), and can
be filled with various growth media depending on the purpose
of a study (Fig. 1A). The ITG system was encased in a layer of
aluminum foil. After filling the tube with soil to a volume of
35 ml, 50 ml of sterile DI water was added to ran through the
soil. The humidity of soil was maintained around 20.37% for

the duration of the experiment. No additional water was
added to the tubes throughout the experiment

Application of the ITG system

When a peg elongated to about 2.5 cm, it was inserted into
a tube with soil (Fig.1B). Only aerial pegs were used for the
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system; pegs that contacted the soil surface were no longer used
for the ITG system, preventing the initiation of nutrient uptake
by a peg. Multiple ITG tubes could be assembled on a single
plant (Fig. 1C). A peanut pod was then grown for an average of
90 days in a tube (Fig. 1C). The pegs used as open soil control
were labeled with a tag at the same time when ITG tubes were
applied onto experimental pegs.

Comparison of ITG system and open soil

Nine Georgia-06G plants were grown in potting mix soil to the
flowering stage for tube attaching. Fach tube contained 35g of
potting soil; and adjusted to a 20.37% humidity. On each
individual plant, 5-10 pegs as open soil control were labeled
using a plant tag. At the same time, 4-6 tubes were assembled
on the same plants. To reduce the noise coming from
physiological variation of individual plant, pods grown in open
soil or tubes from about 10 plants were pooled. Tubes were
attached randomly based on peg availability. Three replicas
were conducted. The same experiment was conducted for the
Valencia type peanut Numex high oleic 01.

Low and high calcium growth medium

Low calcium growth medium used in ITG system contained 3
parts of sand and 1 part of perlite (Miracle Gro, Marysville,
OH, 4304). Murashige & Skoog Medium Basal Medium
without calcium, sucrose and agar (PT018, Himedia, Mumbai,
India) was added to supplement nutrition.

High calcium growth medium was comprised of the same
artificial soil and amended with 5 grams of gypsum
(Pennington, Madison, GA, USA 30650) per 300 grams of
sand.

Open soil

Low and high calcium pod response

Nine pots of Georgia-06G plants were grown to flowering stage
for the attaching tubes. Plants were grown in potting mix. 50
tubes filled with 35 g of either low or high calcium artificial soil
were assembled on these 9 plants. On average, each plant carried
about 5 low calcium and 5 high calcium tubes.

Data Collection and Analysis

Tubes were harvested at the end of the growing season which
was at 90-120 days after applying them. All tubes were removed
by cutting the pegs from a plant. The peanuts were then
removed from the tubes and rinsed under DI water to remove
attached soil. Extra water was removed using paper towel. Pod
fresh weight and size were measured immediately after harvest.
Pods were then shelled, and the fresh weight of seeds was also
determined. Student t-test was used to test a null hypothesis.

RESULTS AND DISCUSSION

The assembly of ITG system was illustrated in Figure 1 (Fig.
1A). Tubes were applied on Georgia-06G plants to examine
the growth of pods in ITG system (Figs. 1B-1D). The
development of Georgia-06G pods and seeds in the ITG system
was comparable to those from the same plants grown in open
soil (Figs. 2A and 2B). In some cases, deformed pods were
found in tubes, probably due to the restriction in space (Fig.
2C). The deformed pods were included in the analysis of pod
weight and seed weight. A decrease in the number of deformed
pods were observed when petlite was added into the soil mix,
probably due to a reduction in the compaction. Pods grown in
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Figure 2: Comparisons of pod development in ITG and open soil. A) Representative images of Georgia-06G pods grown in the ITG system
and open soil. Bar: 0.5 cm. B) Representative images of seeds developed in the ITG system and open soil. Bar: 1 cm. C) Representative
image of deformed pods developed in the ITG system. D)-H): Measutement of fresh pod weight (D), seed weight (E), dry pod weight (F)
and dry seed weight (G) from Ga-06G pods grown in ITG and open soil. n=42 for open soil samples, n=45 for ITG samples. H):
Measurement of fresh pod weight of NuMex High oleic 01 in ITG and open soil. n=18 for open soil samples; n=40 for ITG samples. Error

bars in C-G indicates SEM. ns: not significant based on a student two-tailed t-test. ITG tubes were opened at 90 days after attachment.
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open soil had an abortion rate of 19%, while the abortion rate
was slightly lower in tubes, at 13%. The abortion rate was
calculated by dividing the number of aborted pods by the total
number of pegs assembled in tubes. When compared to pods
that were tagged at the same time and grown in open soil, pods
development in tubes were slightly delayed. No significant
differences in fresh pod and seed weight were observed (Figs.
2D and 2E). The average dry weight of pods and seeds
developed in tubes surpassed those developed in open soil (Figs.
2F and 2G), probably due to the limited exposure to pathogens
in the enclosed environment. The increased peanut pod
performance in tubes could also be due to differences in
environmental and nutritional conditions in open soil and a
tube. The growth of a Valencia type variety, Numex High Oleic
01, was also tested in the ITG system. The development of pod
and seeds were comparable to those in open soil. The average
pod weight was 1.06g and 1.27g in open soil and in ITG,
respectively (Fig. 2H). Taken together, the data demonstrated
that the ITG system could support normal pod growth for
multiple varieties. The problem of deformed pods could be
severe when assaying varieties with large pods, such as Georgia-
11]. Adding perlite into the ITG system or using a large tube
may alleviate the issue. Results showed that within a 120-day

growth period, the ITG system supported comparable pod
development as those in open soil. Supplementation of
nutrition and water may be required for varieties with late

maturity.

Developing pods directly absorb calcium from the
geocarposphere, which is independent of the calcium level in
the rhizosphere. The ITG system was used to test the pod-
specific response to calcium deficiency. Plants were grown in a
potting mix (calcium concentration at 12,000ppm). Artificial
soil mixtures with either a low (42 ppm) or a high (1046 ppm)
calcium concentration were added into tubes (Fig. 3A). On
average 5 tubes with low and 5 tubes with high calcium levels
were assembled on one plant (Fig. 3A). As expected, low
calcium treatment caused reduced seed weight (Fig. 3B and
Table 1). Low calcium treatment led to a high rate of aborted
pegs (50% in the low calcium condition vs 32% in the high
calcium condition) and a low fresh pod weight (Table 1). Pods
grown in a low calcium condition produced less than half of
seeds from high calcium-treated pods (Table 1). These seeds
from low calcium condition also showed reduced dry weight
(Table 1). Thus, the ITG system can be used to test a pod-

specific response to nutritional conditions.

High Calcium

W&ah.a'ﬁc
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Figure 3: Experimental setting to compare pod growth in a low or high calcium condition. A) An image showing tubes with

low or high calcium artificial soil were assembled on a peanut plant. The insert at the up-right corner shows the artificial soil
composed of sand and perlite. B) Seeds developed in tubes with a low or high calcium medium. Scale bar=5 mm

Table 1:

Comparison of pod and seed development in low and high calcium conditions. Georgia-06G pods developed in low or high

calcium ITG system were harvested at 95 days after assembly. a: p<0.05 using student t-test.

Ca2+ (ppm) Pegs tagged  Pods developed
Low calcium  42.6+2.5 50 25
High calcium  1046.3+159.8 47 32

Green pod weight (g)  Seeds developed ~ Seed weight (g)

0.7£0.34 23 0.251£0.13

1.2210.52a 49 0.3940.17a
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SUMMARY AND CONCLUSIONS

Research results showed that the ITG system could support pod
growth in a controlled soil environment separated from the
root. This system should be suitable to study pod-specific
responses to a range of factors associated with the
geocarposphere. It also has utility for investigation of soil
nutritional conditions, specifically calcium levels. The ITG
system may also be applied to studying the interactions between
pods and microbes associated with the geocarposphere. For
example, soilborne pathogens or plant growth-promoting
rhizobacteria can be added into either open soil or tubes to test
their specific impact on pod development.
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