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ABSTRACT

Water deficit significantly reduces yield po-
tential of peanut (Arachis hypogaea L.) world-
wide. Availability of drought tolerant cultivars is
essential, but their selection is difficult, in
particular in environments where rainfall is
unpredictable. This study investigated the re-
sponse of eleven peanut genotypes to three water
regimes and was aimed to determine if use of
rainout shelters is a reliable selection method for
drought tolerance in a sub-humid environment
with unpredictable rainfall pattern. Water re-
gimes were achieved by covering the plots from
mid-July to early Sep with the rainout shelters
and irrigating the plots to pre-determined levels:
well-watered (WW) regime received full irrigation
of 40 mm weekly, moderate deficit (MD) 17 mm
weekly, and severe deficit (SD) only 40 mm in one
‘‘survival’’ irrigation in late Aug. Results showed
that MD and SD reduced yield and grade for all
genotypes. Compared with WW, economic value
of all genotypes was 24% less under MD and
68% less under SD. Small seeded runner culti-
vars, ‘Florida 070 and ‘Georgia 06G’, had higher
yield and grade than Virginia-type cultivars under
deficit irrigation, in particular under SD. Among
the Virginia-type, ‘Sugg’ had highest yields under
SD but was out yielded by ‘Bailey’ and ‘Phillips’
under MD. ‘Wynne’ and ‘Spain’ are the largest
seeded Virginia-type cultivars; they performed
poorest for yield and grade. The relative propor-
tion of oleic fatty acid (C18:1) was less under SD
compared to WW; and linoleic fatty acid (C18:2)
and total saturated oils were more, but intensities
depended on the genotype. Finally, the rainout
setting provided comparative results with real
farm peanut production in the region; this is
important for breeding programs in Virginia and
Carolinas, where rainfall unpredictability does
not allow for drought screening in an open field
setting.

Key Words: rainout shelters, drought
tolerance, farmer stock grading, peanut
genotypes, oleic fatty acid.

Rainfall unpredictability for amount and distri-
bution significantly reduces yield potential of
agronomic crops in the USA and worldwide. To
produce competitive crops, peanut (Arachis hypo-
gaea) requires approximately 600 mm of water
equally distributed from planting to harvest in
weekly amounts of 25 to 50 mm, depending on the
growth stage (Putnam et al., 2014; Rowland et al.,
2012). However, achieving this distribution is
hindered by irregular rainfall patterns and irriga-
tion unavailability for over 65% of peanut acreage
in the US. In Virginia and Carolinas (VC region)
over 85% of peanut acreage is rainfed. Under this
condition, peanut heavily relies on rainfall. For
example, year 2014 was a good peanut year for the
VC region with a state average yield in Virginia of
5040 kg/ha (USDA, 2019a). Precipitation of July
and August combined in 2014 was 381 mm. Year
2010, on the other hand, only marked 15 mm of
rain during July and August and the average yield
was 2016 kg/ha. This is a 60% yield reduction
under severe drought conditions in 2010 from the
high yielding year 2014. In the sub-humid VC
region, even in ‘‘rainy’’ years peanut yield can
significantly decrease in absence of rain or irriga-
tion for more than ten consecutive days in July and
August (Singh et al., 2014). Virginia-type peanut is
the predominant market type grown in this region;
it has large seeds when compared with other types.
For example, a hundred kernels of the virginia-type
weigh approximately 100 g; the runners, and other
types weigh 20 to 40% less (Branch et al., 2017).
The large kernel size of this peanut type seems to
require more water to fully develop then the
runners, spanish or valencia types (Erickson and
Ketring, 1985).

There is little research on how virginia-type
peanut cultivars respond to water deficit in terms
of quality characteristics of the pods and seeds. For
example, work by Dang et al. (2013) clearly showed
that the content of sound mature kernels (SMK)
and total sound mature kernels (TSMK) were
significantly reduced by a 3-wk drought in Georgia,
USA. But little is known on water deficit effects on
the extra large kernels (ELK), an important grade
characteristic for the virginia-type peanut, and
damaged kernels (DK) content. A DK content of
over 3.49% declassifies farmers’ stock peanut to
segregation II that reduces the peanut economic
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value by 65% (USDA, 2019b). Pod color or
brightness is a valuable characteristic for the in-
shell peanut processors, and virginia-type is pre-
dominantly used for in-shell products. The higher
the color (brightness) numbers, the more desirable
pods are. Average Hunter L score numbers of 45 or
higher denote ‘‘white’’ or ‘‘bright’’ pods, which is
desired for the in-shell markets. Empirical observa-
tions showed that pod color decreased in dry soils,
but there is no research relating water deficit to pod
color and showing if genetic differences for this
characteristic may exist. Finally, drought may delay
peanut maturity from reduced growth rates (Reddy
et al., 2003) and oleic fatty acid (C18:1) accumula-
tion in the seeds. For example, C18:1 was low in
immature peanut seed (Andersen and Gorbet, 2002;
Hinds, 1995; Klevorn et al., 2016; Sanders et al.,
1982). The C18:1 is an important quality character-
istic for the new cultivars with high oleic oil
chemistry because of positive effect of increased oil
saturation levels on seed shelf life, i.e., delayed
oxidative degradation, (Mozingo et al., 2004). There
are no reports to show how seed C18:1 content
varies among virginia-type cultivars under different
soil moisture conditions.

In the VC environment, where large seeded and
drought-prone virginia-type peanut is grown, un-
derstanding how different genotypes cope with soil
moisture deficit in terms of yield and quality, and
developing screening tools to allow precise pheno-
typing for improved resilience to soil moisture
extremes is important. However, rainfall unpredict-
ability makes field selection for tolerance to water
deficit impossible in this environment. None the less,
use of relatively simple rainout shelters, e.g., snow
arch type on ground rails with forward and
backward movability when pulled by tractors, could
provide an economic solution for phenotyping

peanut genotypes at multiple locations in a breeding
program. They also offer an economical solution to
identifying the most resilient cultivars to water
deficit to help researchers make better recommen-
dations for cultivar selection on dry-prone soils. The
objectives of this work were 1) to evaluate eleven
peanut cultivars and breeding lines for yield, grade,
and oil profile in response to different levels of soil
moisture using a simple rain exclusion setting, and
2) to assess the reliability of the snow arch rain
exclusion shelter setting for screening of peanut
tolerance to soil moisture deficit.

Materials and Methods
In 2013 and 2014, field experiments were

performed at the Tidewater Agricultural Research
and Extension Center near Holland, VA (368 680 N,
768 770 W, 18.9 m elevation) under three soil water
regimes. The soil at this site is classified as Eunola
(fine-loamy, siliceous, thermic Aquic Hapludults);
83.5% sand, 9.5% silt, 7% clay, 0.5 to 2.0 %
organic matter, and 0.06 to 0.14 m3 m�3 available
water capacity in the first 30 cm. Water regimes
were well watered (WW), moderate soil moisture
deficit (MD), and severe soil moisture deficit (SD).
These regimes were achieved by covering the plots
from mid-July to early Sep, i.e. beginning pod to
beginning maturity growth stages, with three rain
exclusion shelters and applying overhead irrigation
under each shelter (Fig. 1). Each shelter included
an aluminum frame of 22 m long, 9 m wide, and 4
m high in the center of the frame set on rails
provided with skid plates at each end (Fig 1). Each
shelter was covered with plastic allowing 95% light
penetration (Atlas Manufacturing Inc., Alapaha,
GA). To allow proper crop rotation and plot

Fig. 1. Distant and close-up pictures of the three rain exclusion shelters used in this test to exclude rain and create three water regimes to the peanut plots.
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coverage as needed, shelters were moved along the
field by two tractors pulling forward or backward
the rails. A reel line system (AMADAS Industries,
Suffolk, VA) delivered a total of 220 mm water for
the WW and 90 mm for the MD regime in 2013.
These amounts were delivered in five equally
distributed irrigations on July 25, Aug 08, Aug
19, Aug 27, and Sep 05 in 2013, of approximately
44 mm per irrigation for the WW and 18 mm per
irrigation for the MD. In 2013, the SD received a
total of 40 mm on Aug 25. In 2014, 246 mm were
applied to the WW regime and 104 mm to the MD
on July 24, Aug 04, Aug 11, Aug 19, Aug 26, and
Sep 01; 41 mm per irrigation for the WW and 17
mm for the MD. In 2014, the SD plots only
received 40 mm on Aug 19. Before coverage and
after shelters removal, plots of all water regimes
received equal and plentiful amounts of rainfall; in
2013, 303 mm from planting to mid-Jul and 42 mm
after removal to digging; in 2014, 230 mm from
planting to mid-Jul and 163 mm after removal to
digging. To set these water regimes, plant water
requirement, i.e. total water (irrigation and precip-
itation) needed to produce high yields, was used.
Peanut needs 600 mm for the season and at least 40
mm weekly from beginning pod to beginning
maturity growth stages to produce high yields
(Putnam et al., 2014; Rowland et al., 2012). This
agrees with the multi annual (30 years) weekly
average precipitation in SE Virginia. By applying
40 mm weekly, the WW regime ensured optimum
growth and yield; this amount was also in
agreement with the soil water holding capacity of
the field so no runoff could have happened. The
MD was set to approximately 40% of the WW,
which is standard for studding drought effects on
plants in controlled conditions (Kapanigowda et
al., 2014). Lastly, the water applied to the SD was
only a salvage irrigation.

Under each shelter and water regime, eleven
peanut cultivars and breeding lines were planted in
1.7 m long and 0.9 m wide 2-row plots on May 17
in 2013 and May 19 in 2014. Table 1 includes the
names, market type, and reason for inclusion of
these genotypes.

Cultural practices were performed according
with the Virginia Peanut Production Guide’s
recommendations (Balota et al., 2013). Plots were
dug on Sep 26 in 2013 and Sep 30 in 2014 at harvest
maturity (Boote, 1982). After a few days of
windrow drying, pods were combined. Pod yield
was determined from plot weight and adjusted to
7% seed moisture and percent foreign material in a
500 g sub-sample.

The same sub-sample was further used to
determine pod color or brightness and farmer
stock grades. Pod color was measured using
Hunter L, a, b, color scale by a colorimeter (model
D25LT Hunter Associates Lab., Inc. Reston, VA).
After shelling, kernels were sorted by size. The
ELK were kernels that did not pass a 25.4 mm (1-
in) 3 8.5 mm (21.5/64) screen; the mediums passed
the larger screen but did not pass a 25.4 mm 3 7.1
mm (18/64-in) screen; and number 1’s passed the
larger screens but did not pass a 25.4 mm3 5.9 mm
(15/64-in) screen. The DK content included de-
cayed, molded, sprouted, and discolored kernels;
the sound splits (SS) were halved and broken
kernels; and the other kernels (OK) were kernels
passing through a 25.4 mm 3 5.9 mm (15/64-in)
screen also known as fall through. Percent of SMK
was determined as the sum of ELK, mediums and
number 1’s. Total kernels (TK) was the sum of
SMK, DK, SS, and OK. These grade standards
were used to determine the crop value using the
USDA Agricultural Marketing Service approach
(USDA, 2019b). After grading, ELKs, mediums,
number 1’s, and fall through, i.e., kernels that pass
through the screens as shown above, from the WW

Table 1. Peanut genotypes including commercial cultivars and advanced breeding lines tested in 2013 and 2014.

Market Type Type Name Reason Reference

Virginia Cultivar Bailey Widely grown Isleib et al., 2011
Runner Cultivar Florida 07 High oleic Gorbet and Tillman, 2009
Runner Cultivar Georgia 06G Widely grown Branch, 2007

Runner Line GP-NC WS 17 DT check Tallury et al., 2014
Virginia Line GP-VT NC 01 DT check (tested as line N05006) Balota & Isleib, 2020
Virginia Line N04074FCT DS check Singh et al., 2014
Virginia Line N08082ol High oleic, high yielding Balota at al., 2013

Virginia Cultivar Phillips DM check Isleib et al., 2006
Virginia Cultivar Spain High oleic/extra-large kernels Balota, 2011
Virginia Cultivar Sugg Some drought tolerance Isleib et al., 2015

Virginia Cultivar Wynne High oleic/large kernels http://www.nccrop.com

DT is drought tolerant, DS is drought susceptible, and DM is drought moderate
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and SD regimes were finely ground and 2 to 5 g
samples from each group were shipped to the
Virginia Tech’s Department of Dairy Science,
Blacksburg, VA, for oil profile analysis by the
GC method. Kernels were sorted by size for this
analysis in order to determine if oil profile was
affected by kernel size. For the oil profile analysis,
only the high oleic genotypes were used, i.e.,
Florida 07 (Gorbet and Tillman, 2009),
N08082olJCT, Spain, and Wynne. Reported in
this paper are the oleic (C18:1), linoleic (C18:2) and
total saturated fatty acids, i.e., sum of palmitic
(C16:0), stearic (C18:0), arachidic (C20:0), behenic
(C22:0), and lignoceric (C24:0) fatty acids.

Each rain exclusion shelter was considered an
environment, different from each other by the
water regime. In each environment, i.e., WW, MD,
and SD, the experimental design was a randomized
complete block with genotype as the only treat-
ment. Environment (water regime), year, and
kernel size were treated as fixed effects for
combined analysis. In both years, genotypes were
replicated three times under each rain shelter.
Water regimes were not replicated within each
year. ANOVA was performed using SYSTATt

10.2 (2002, SYSTAT Software Inc, Richmond,
CA). Means were separated by Fisher least
significant difference (LSD) test at 5% (P � 0.05)
probability level.

Results
Weather conditions. Even though years 2013 and

2014 were similar in terms of weather conditions,
i.e., from May to October average temperature was
23 C in both years, relative humidity (RH) was
75% in 2013 and 80% in 2014, and rainfall totaled
719 mm in 2013 and 592 mm in 2014 with uniform

distribution in both years, under the rainout
shelters there were differences among years for
temperature and RH. Under rainout shelters, in
2013, average temperature from mid-July to mid-
August was 28 C (�0.4 C difference among the
water regimes) (Fig. 2) and RH 73% (�1.5%
difference among the water regimes). In 2014,
average temperature during the same time frame
was 25 C (�0.7 C difference among the water
regimes) and RH 82% (�1.6% difference among
the water regimes). This was because 2013 was
sunnier than 2014 during July and August. For
example, the daily average (from 9:00 to 18:00) of
the photosynthetic active radiation (PAR) mea-
sured under the rainout shelters was 1008 lmol m�2

s�1 in 2013 vs. only 880 lmol m�2 s�1 in 2014.
Sunnier days in 2013 increased the temperature
under the shelters by 5 C from the ambient; while
in 2014 temperature was only 2 C over the ambient.

Combined analysis of genotype, water regime,
and year. To asses water regime effect, and because
within years water regime was not replicated, water
regimes were treated as independent environments.
Because temperature and RH were the same across
water regimes including when shelters covered the
plots (Fig. 2), and same soil type, i.e. the total area
occupied by all three rainout shelters was less than
800 m2 or 0.08 ha within the same field, environ-
mental effect was safely attributed to the water
regime differences. ANOVA identified significant
main effects for genotype, environment/water
regime, and year for all measured characteristics
with the exception of year main effect for the SS
content (Table 2). The genotype 3 water regime 3
year (G 3 W 3 Y) interaction was not significant
with the exception of pod color; but the genotype3
water regime (G 3 W), genotype 3 year (G 3 Y),
and water regime3 year (W3Y) interactions were

Fig. 2. Sample of temperature recorded under the rainout shelters during mid-July to mid-Aug in 2013 (left) and 2014 (right).
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significant for yield, value, and almost all grade
characteristics (Table 2). Because of this, data on
yield, value and grade factors were further analyzed
and mean comparisons presented within each
environment/water regime. Within water regime
analysis also provided better insight into usability
of the rainout shelter setting for genotypic screen-
ing, i.e. what water regime maximized genotypic
effect.

Yield, crop value and grade characteristics.
Within the WW water regime, genotype (G), year
(Y), and the G 3 Y interaction were significant for
yield, crop value and all grade characteristics
(Table 3). In average of genotypes, yield, ELK,
SMK, OK, TK and pod color were significantly
lower in 2013 vs. 2014, while DK was higher in the
hotter 2013 vs. cooler 2014 (Table 4). Therefore,
crop value, as an integrative measure of yield and
grade, was less in 2013 than in 2014; it was $1870
ha�1 in 2013 vs. $2815 in 2014. The G 3 Y
interaction was driven by the genotypic response to
the year when water was unlimited. For example,

line N08082ol produced the highest yield in 2014
(7995 kg/ha), but yielded 40% less in the hot 2013
(4620 kg/ha); while Bailey, Florida 07, Phillips, and
GP-VT NC 01, a germplasm jointly released in
2016 by the Virginia Tech and North Carolina
State University (Balota & Isleib, 2020), showed
comparable, relatively high yields in both years, i.e.
yield ranged from 5560 to 7510 kg/ha (Table 4).
Similarly, the drought susceptible check
N04074FCT showed the least yield in 2013 (3970
kg/ha), but yielded slightly higher than Bailey in
2014 (6470 kg/ha) under WW water regime. Spain,
Sugg, and Wynne had comparable, relatively low
yields in both years, i.e. yield ranged from 4400 to
5800 kg/ha.

Within the MD water regime, G and Y effects
were significant for all characteristics, except SS,
for which Y effect was not significant. The G 3 Y
interaction was not significant for yield, crop value
and SS; but it was for all the other grade factors
(Table 3). This showed that under moderate soil
water deficit, genotypic response for yield and

Table 2. P-values from ANOVA for main effects and their interactions for each of the characteristics shown in the table.

Source df Yield

Extra
large

kernel

Sound
mature

kernel

Damaged

kernel

Sound

split

Other

kernels

Total

kernels

Crop

value

Pod

color df

Oleic
fatty
acid

(C18:1)

Linoleic
fatty
acid

(C18:2)

Total
saturated
fatty

acidsa

Genotype (G) 10 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 3 0.001 0.021 0.0001
Year (Y) 1 0.0001 0.0001 0.0001 0.0001 0.202 0.0001 0.0001 0.0001 0.0001 1 0.020 0.032 0.003
Water (W) 2 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 1 0.004 0.007 0.004
G 3 Y 10 0.002 0.0001 0.0001 0.0001 0.0001 0.009 0.0001 0.0001 0.0001 3 0.228 0.236 0.284

G 3 W 20 0.044 0.0001 0.0001 0.0001 0.0001 0.002 0.0001 0.009 0.328 3 0.708 0.708 0.104
Y 3 W 2 0.0001 0.0001 0.051 0.358 0.035 0.052 0.0001 0.0001 0.0001 1 0.512 0.627 0.035
G 3 Y 3 W 20 0.467 0.186 0.916 0.07 0.708 0.406 0.388 0.114 0.0001 3 0.966 0.982 0.634

aFor the C18:1, C18:2 and total saturated fatty acid content only four high oleic genotypes were used, Florida 07, N08082ol,
Spain, and Wynne. Total saturated is the sum of palmitic (C16:0), stearic (C18:0), arachidic (C20:0), behenic (C22:0), and lignoceric

(C24:0) fatty acids.

Table 3. Probability for the main effects of genotype, year, and their interaction on yield, grade characteristics, crop values and pod

color within each water regime.

Source df Yield

Extra large

kernels

Sound mature

kernels

Damaged

kernels

Sound

splits

Other

kernels

Total

meat

Crop

value

Pod

color

Well-watered
Genotype (G) 10 0.001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
Year (Y) 1 0.0001 0.0001 0.0001 0.0001 0.013 0.0001 0.0001 0.0001 0.0001

G 3 Y 10 0.013 0.001 0.0001 0.0001 0.002 0.004 0.0001 0.001 0.0001
Moderate water deficit
Genotype (G) 10 0.02 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.001 0.039

Year (Y) 1 0.0001 0.0001 0.0001 0.0001 0.789 0.0001 0.0001 0.0001 0.0001
G 3 Y 10 0.094 0.0001 0.0001 0.0001 0.075 0.0001 0.0001 0.087 0.001
Severe water deficit
Genotype (G) 10 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.001

Year (Y) 1 0.0001 0.0001 0.0001 0.0001 0.669 0.06 0.0001 0.0001 0.0001
G 3 Y 10 0.647 0.001 0.258 0.196 0.622 0.865 0.056 0.494 0.912
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value was not affected by year; even though the hot
year 2013 affected average yield and grade in a
similar manner as under the WW water regime, i.e.
yield, ELK, SMK, OK, TK and pod color
decreased and DK increased in 2013 vs. 2014
(Table 5). For example, the overall genotypic value
was $1115 ha�1 in 2013 vs. $2450 in 2014 under
MD. Genotypes with consistent high yield under
MD were Bailey, Florida 07, Georgia 06G, GP-VT
NC 01, Phillips, and the exotic-derived line GP-NC
WS 17, which was released for disease resistance,
and improved tolerance to heat and drought
(Tallury et al., 2014).

Under SD water regime, G and Y effects were
significant for all characteristic, excepting SS and
OK, for which Y effect was not significant. Year
affected average yield and grade in a similar
manner as under WW and MD regimes, which
resulted in a crop value of $418 ha�1 in the hot 2013
vs. $1068 in 2014 under SD. More importantly, the
G 3 Y interaction was not significant for yield,
crop value and all grade factors, except ELK
content (Table 3). This showed that the rainout

shelter SD-induced water regime maximized geno-
typic effect clearly sorting out genotypes with
highest stability across years. In average of the
two years, the highest yielding genotypes under SD
were GP-VT NC 01, GP-NC WS 17, Florida 07,
Georgia 06G, and Sugg, with yields ranging from
3041 to 3892 kg/ha (Table 6). For the ELK
content, even though the G 3 Y interaction was
significant, Phillips and Sugg had the greatest ELK
in both years, where Spain and Wynne had the
least (Fig. 3). Similarly, Phillips and Sugg, along
with Florida 07, Georgia 06G, GP-NC WS 17 and
GP-VT NC 01 maintained the highest SMK under
SD, while Spain and Wynne had the lowest. In
both years, OK highest levels were observed for
Bailey, GP-VT NC 01, N04074FCT and Wynne.

C18:1, C18:2, and total saturated fatty acids.
ANOVA from the farmer stock grade samples
showed significant main effects of genotype, year,
and water regime on the C18:1, C18:2 and total
saturated fatty acids; no interactions of these
factors were significant (Table 2). In the hotter
environment, 2013 vs. 2014, C18:1 was significantly

Table 4. Effect of genotype and year on yield, farmer stock grade characteristics, gross value and pod color under well-watered water

regime.

Genotype Yield
Extra large
kernels

Sound mature
kernels

Damaged
kernels

Sound
splits

Other
kernels

Total
meat

Crop
value

Pod
color

kg/ha % $/ha Hunter L score

2013

Bailey 6340 aa 40 b 64 b 2.0 c 5.6 ab 2.7 b 75 ab 2510 a 35 a
Florida 07 5825 ab 22 d 66 ab 2.1 bc 4.7 ab 4.0 ab 76 a 2250 ab 35 a
Georgia 06G 4780 bc 38 b 70 a 1.9 c 2.8 bc 2.8 b 77 a 1930 ab 30 b
GP-NC WS 17 5250 abc 31 c 64 b 2.9 bc 6.7 a 3.2 b 77 a 2010 ab 36 a

GP-VT NC 01 6090 ab 35 bc 63 b 3.6 bc 2.4 bc 3.6 b 73 c 2220 ab 33 ab
N04074FCT 3970 c 33 bc 60 b 3.6 bc 2.2 c 5.1 a 71 de 1360 c 34 ab
N08082ol 4620 bc 43 ab 61 b 4.0 b 4.7 abc 2.4 b 72 d 1580 bc 35 a

Phillips 5560 ab 48 a 64 b 2.3 bc 5.4 ab 2.5 b 74 b 2200 ab 35 a
Spain 4400 c 40 b 55 c 8.5 a 2.5 c 3.2 b 70 e 1130 c 30 b
Sugg 4930 bc 38 bc 61 b 2.8 bc 4.8 ab 3.6 b 72 d 1830 abc 34 ab

Wynne 5100 abc 39 b 62 b 2.9 bc 4.6 b 2.5 b 72 d 1900 ab 31 b
Mean 5060 36 62 3.5 4.3 3.2 73 1870 34

2014

Bailey 6370 bc 51 b 70 ab 0.2 ab 2.6 c 1.5 ab 74 bc 2665 b 45 a

Florida 07 7190 ab 49 b 69 b 0.5 ab 3.3 bc 1.7 ab 74 bc 2930 ab 45 a
Georgia 06G 6420 bc 48 b 73 a 0.3 ab 5.3 b 1.5 ab 80 a 2800 ab 43 ab
GP-NC WS 17 6680 bc 40 c 68 b 0.3 ab 8.4 a 2.1 a 79 b 2790 ab 24 c

GP-VT NC 01 6580 bc 50 b 72 ab 0.8 ab 1.4 c 1.6 ab 76 b 2770 ab 45 a
N04074FCT 6470 bc 47 c 71 ab 1.1 a 2.9 c 1.6 ab 76 b 2720 b 44 a
N08082ol 7995 a 61 a 72 ab 0.8 ab 2.1 c 1.2 b 76 b 3415 a 43 ab

Phillips 7510 ab 58 ab 71 ab 0.0 b 4.5 bc 0.9 b 76 b 3250 a 46 a
Spain 5720 c 54 ab 70 ab 0.7 ab 1.2 c 1.4 b 73 c 2360 b 41 b
Sugg 5700 c 53 ab 71 ab 0.5 ab 3.4 bc 1.3 b 76 b 2425 b 43 ab

Wynne 5800 c 55 ab 70 ab 0.2 ab 3.1 c 1.9 ab 75 b 2460 b 43 ab
Mean 6580 51 71 0.6 3.6 1.5 76 2815 42

aWithin each column, values followed by the same letter are not significantly different based on Fisher LSD (P � 0.05).
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higher while the C18:2 and total saturated fatty
acids were lower. Specifically, in average of
genotypes and water regimes, C18:1 increased
4%, C18:2 decreased 4%, and saturated fatty acids

decreased 0.5% in 2013 vs. 2014. When years were
combined, variation of the oil profile for the farmer
stock kernels due to genotype and water regime, i.e.
only WW and SD water regimes were available for

Table 5. Effect of genotype and year on yield, farmer stock grade characteristics, gross value and pod color under moderate soil moisture

deficit water regime.

Genotype Yield
Extra large
kernels

Sound mature
kernels

Damaged
kernels

Sound
splits

Other
kernels

Total
meat

Crop
value

Pod
color

kg/ha % $/ha Hunter L score

2013

Bailey 4639 aa 31 a 58 b 3.9 d 3.7 ab 2.4 cd 68 b 1547 ab 31ab
Florida 07 3260 bc 21 bc 65 ab 2.7 de 3.7 ab 3.2 bcd 74 a 1211 b 30 ab
Georgia 06G 4231 ab 33 a 69 a 1.7 e 1.8 c 1.9 d 74 a 1646 ab 30 ab
GP-NC WS 17 4830 a 34 a 67 ab 2.5 de 4.4 a 1.9 d 76 a 1859 a 33 a

GP-VT NC 01 3878 ab 16 c 53 bc 3.2 de 2.0 c 5.2 a 63 c 1183 b 28 b
N04074FCT 2694 c 19 c 52 bc 4.6 cd 1.4 c 5.3 a 63 c 767 bcd 31ab
N08082ol 2736 c 32 ab 52 bc 5.3 bc 3.1 abc 2.8 bcd 64 c 739 bcd 29 ab

Phillips 3908 ab 39 a 57 b 4.1 cd 2.6 bc 2.9 bcd 67 b 1279 b 32 a
Spain 2871 bc 28 b 44 d 10.7 a 1.8 c 4.1 ab 60 d 442 d 28 ab
Sugg 3281 bc 31 b 58 b 5.6 bc 3.6 ab 2.8 bcd 70 b 1033 bc 30 ab

Wynne 2332 c 23 bc 49 cd 6.6 b 2.7 abc 4.4 ab 63 cd 565 cd 29 ab
Mean 3515 28 57 5.0 3.0 3.3 67 1115 30

2014

Bailey 5594 a 49 bcd 66 bc 0.7 a 3.0 bc 2.2 a 72 c 2233 a 44 a

Florida 07 6040 a 51 bc 69 ab 0.8 a 3.6 b 1.4 a 75 b 2466 a 43 a
Georgia 06G 5861 a 49 bcd 72 a 0.5 a 4.1 ab 2.2 a 79 a 2511 a 42 a
GP-NC WS 17 6429 a 43 d 69 ab 0.7 a 5.7 a 1.6 a 77 a 2641 a 33 b

GP-VT NC 01 6759 a 47 cd 67 bc 1.0 a 2.0 bcd 1.9 a 72 c 2692 a 45 a
N04074FCT 5907 a 48 cd 66 bc 2.0 a 1.2 d 2.8 a 72 c 2286 a 42 a
N08082ol 7472 a 55 ab 67 bc 1.1 a 1.9 cd 1.8 a 72 c 3012 a 44 a

Phillips 6751 a 57 a 68 b 1.7 a 3.2 bc 1.6 a 74 bc 2761 a 45 a
Spain 4657 a 53 abc 64 c 1.9 a 1.9 cd 2.3 a 70 d 1758 a 40 ab
Sugg 6005 a 53 abc 68 b 0.9 a 2.6 bcd 1.9 a 74 bc 2453 a 43 a

Wynne 5485 a 53 abc 66 bc 1.1 a 2.3 bcd 1.7 a 71 cd 2160 a 44 a
Mean 6090 51 67 1.0 3.0 2.0 73 2450 42

aWithin each column, values followed by the same letter are not significantly different based on Fisher LSD (P � 0.05).

Table 6. Effect of genotype and year on yield, farmer stock grade characteristics, gross value and pod color under severe soil moisture

deficit water regime.

Genotype Yield
Sound

mature kernels
Damaged
kernels

Sound
splits

Other
kernels

Total
meat

Crop
value

Pod
color

kg/ha % $/ha Hunter L score

Bailey 1825 bca 41bc 6.7 ab 1.5 bc 6.2 a 56 bc 372 c 32 a

Florida 07 3041 ab 54 ab 5.1 bc 4.0 a 4.3 b 68 a 980 ab 32 a
Georgia 06G 3114 ab 61 a 4.2 c 2.3 b 3.7 b 71 a 1067 ab 31 a
GP-NC WS 17 3579 a 59 a 4.6 bc 3.1 ab 3.5 b 70 a 1163 a 28 a
GP-VT NC 01 3892 a 51 ab 3.5 c 1.2 c 5.7 a 62 bc 1222 a 34 a

N04074FCT 2242 bc 45 b 6.2 abc 0.9 c 6.5 a 58 bc 499 bc 33 a
N08082ol 2682 bc 41 bc 9.4 a 1.9 bc 4.2 b 57 c 562 bc 34 a
Phillips 2503 bc 51 ab 8.4 ab 3.3 ab 3.0 b 65 ab 598 bc 34 a

Spain 1328 c 31 c 10.6 a 1.9 bc 4.6 b 48 d 112 c 30 a
Sugg 3224 a 52 ab 6.2 abc 1.9 bc 3.8 b 63 ab 939 ab 32 a
Wynne 1389 c 36 bc 9.7 a 2.3 b 5.0 ab 53 cd 233 c 32 a

Mean 2620 47 6.8 2.2 4.6 61 704 32

aWithin each column, values followed by the same letter are not significantly different based on Fisher LSD (P � 0.05).
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this analysis, is presented in Fig. 4. While DS
reduced the C18:1 content in all genotypes, Spain
and N08082ol showed a more drastic reduction
than the other genotypes; they also showed greater
increases of the C18:2 and total saturated oils
under DS that the other genotypes (Fig. 4).

ANOVA for the effect of Y, W, G, and kernel
size (K) on the oil profile of peanut kernels
identified significant main effects of these factors
on the C18:1, C18:2, and total saturated oils; the W
3 K, G 3 K, K 3 Y, G 3 W 3 K, and K 3 G 3 Y
interactions were not significant with the exception
of K 3 Y for the total saturated oils (Table 7). As
anticipated, the C18:1 decreased, and C18:2 and
total saturated oils increased with decreasing kernel
size, under both WW and SD water regimes (Fig.
5). The K 3 Y interaction was significant because
of dramatic increase of total saturated oils in
response to DS in 2014 as compared to 2013.
Implications of seed oil alteration from kernel size
will be further discussed.

Discussion
Under all water regimes, yield and grade

characteristics of the peanut genotypes in this
study were less in the hotter 2013 than in cooler
2014. For example, crop value, as an integrative
measure of yield and grade, was 34% less under
WW in 2013 vs. 2014, 57% under MD, and 61%
under SD. Possible cause could be pollen sterility
and disturbance of the reproductive process under
high temperature, which was well documented in
peanut (Prasad et al., 2003). As global temperature
is expected to increase by 4 C by the end of this
century (Wheeler and von Broun, 2013), our data
suggest that heat stress, in addition to water
scarcity, may challenge peanut production in the
VC in the future; but further, more detailed
research is needed to clarify this aspect.

In both years, water shortage decreased yield,
ELK, SMK, TK, pod color, and C18:1; while DK,
SS, C18:2 and total saturated oils were increased.
Consequently, crop value was reduced. For exam-
ple, in average of both years, yield was 19% less

Fig. 3. Effect of genotype on the extra large kernels (ELK) under severe water regime in 2013 (left) and 2014 (right). Bars with same letters are not

significantly different based on Fisher LSD (P � 0.05).

Fig. 4. Effect of genotype and water regime on oil profile in peanut kernels. Years 2013 and 2014 are combined. Total saturated fatty acids are the sum of

palmitic (C16:0), stearic (C18:0), arachidic (C20:0), behenic (C22:0), and lignoceric (C24:0) fatty acids. Within each genotype, significant changes

among water regimes are marked with * for P � 0.05, ** for P � 0.01, and *** for P � 0.001. The error bars are 6 SD.
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(4746 kg/ha) under MD and 54% less (2667 kg/ha)
under SD than under WW regime (5822 kg/ha).
While irrigated yields of the contest winners in
Virginia were around 6000 kg/ha (D. Cotton,
personal communication, 2018), state average from
over 85% rainfed farms, in ‘‘rainy years’’, was
around 4500 kg/ha; and in dry years, like 2010,
average yield was around 2000 kg/ha (USDA,
2019a). This would seem to suggest that the rainout
shelter setting used in this study provided compa-
rable results with real farm peanut production in
the region; and it could be used successfully in
screening for peanut response to water deficit
stress.

Regardless the year, MD and SD had negative
impact on yield, grade characteristics, and C18:1 in
all genotypes used in this study. This is an
important aspect of peanut production, as farmers
are paid not just by yield but a complex formula
including all grade standards reported in this study
(USDA, 2019b). Clearly, our results suggest that
improving solely for yield is not sufficient for
achieving positive economic impact in rainfed

peanut production. Grade and quality are equally
important for this commodity, and breeding should
consider simultaneous improvement of yield and
grade factors.

Currently, Bailey is the mostly grown virginia-
type cultivar in the VC region. Sugg and Phillips
were grown until recently. Since there is a push for
growing ‘‘high oleic’’ cultivars in the VC region,
and Bailey, Sugg and Phillips are not, future acres
will be planted more with cultivars like Wynne,
which was among the least resilient to soil moisture
deficit in this study. Runners like Florida 07 and
Georgia 06G, which here showed relatively good
yield and grade under water deficit, are also grown
in the VC region but only on reduced acreage;
runners are not preferred by farmers and the local
industries that evolved mainly around virginia-type
peanut. Of the virginia-type cultivars, only Sugg
was comparable for yield under MD and SD with
the drought tolerant checks used in this study, GP-
VT NC 01 and GP-NC WS 17. Sugg also
maintained relatively high ELK and SMK under
SD. Bailey and Phillips had comparable yields with
the drought tolerant checks but only under MD
but not SD, and grades were low under stress. This
confirms the need for development of new cultivars
with improved resilience to soil moisture extremes
for the VC region. This task may be relatively easy
achievable, as the mechanisms conferring high
yield under MD, and high yield and grades under
SD seem to have high heritability, i.e., the G 3 Y
interaction was not significant for these traits under
MD and SD regimes.

Physiological studies associated with drought
tolerance have been done on some genotypes
included in this study, either in laboratory or open
field settings; and some agree with the responses to
MD and SD described here. For example, Bailey,

Fig. 5. Effect of kernel size and water regime on oil profile in peanut kernels. Years 2013 and 2014 are combined. Total saturated is the sum of palmitic

(C16:0), stearic (C18:0), arachidic (C20:0), behenic (C22:0), and lignoceric (C24:0) fatty acids. Within each kernel size, significant differences (P �
0.05) were noted for the oleic, linoleic and total saturated fatty acids. Extra large kernels (ELK) are kernels that do not pass a 25.4 (1-in)3 8.5 mm

(21.5/64-in) screen; mediums (Med) pass the larger screen but do not pass a 25.4 mm3 7.1 mm (18/64-in) screen; number 1’s (No 1) pass the larger

screens but do not pass a 25.4 3 5.9 mm (15/64-in) screen, and fall through (Fall) passing all screens. The error bars are 6 SD.

Table 7. Probability for the main effects of year, water regime,

genotype, kernel size, and their integration on oleic and

linoleic fatty acids, and total saturated oils in peanut kernels.

Source Df Oleic Linoleic Total Saturated

Year (Y) 1 0.002 0.005 0.005

Water (W) 1 0.0001 0.0001 0.0001
Genotype (G) 3 0.0001 0.0001 0.0001
Kernel Size (K) 3 0.0001 0.0001 0.0001

W 3 K 3 0.64 0.794 0.199
G 3 K 9 0.902 0.941 0.55
K 3 Y 3 0.059 0.29 0.0001

G 3 W 3 K 9 0.954 0.968 0.855
K 3 G 3 Y 9 0.979 0.974 0.991
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Sugg, and Phillips, were studied by Rosas-Ander-
son et al. (2014a, 2014b) and Shekoofa et al. (2015)
in relation with low epidermal conductance, limited
transpiration under high VPD, and fast transpira-
tion recovery from severe soil drying as tolerance
mechanisms to water deficit stress. They showed
that Bailey seedlings, while having substantial
recovery from one day exposure to severe soil
drying, did not recover after prolonged stress in
laboratory. Under field conditions, Bailey, Sugg
and Phillips also showed rapid recovery of CO2

assimilation (A) and transpiration efficiency (TE),
i.e., ratio of A and stomatal conductance, after
moderate drought stress (Balota et al., 2012a,
2012b). Here, Bailey and Phillips had high yield
under MD but low under SD; Sugg had relatively
high yields under MD and SD. Balota et al. (2012a,
2012b) showed that N04074FCT and GP-VT NC
01, tested as line N05006, had high A under
optimum soil moisture, which decreased under
drought, but only GP-VT NC 01 returned to the
original A levels after irrigation while maintaining
relatively high TE. Similarly, N04074FCT did not
recover from either short or prolonged dry
conditions in laboratory testing; but GP-VT NC
01 maintained highest TE and A under ambient
VPD, and had the greatest stomatal recovery in the
field, along with GP-NC WS 17, tested as line SPT
06-07 by Rosas-Anderson et al. (2014a) and
Shekoofa et al. (2015). In other studies, GP-NC
WS 17 showed low epidermal conductance, and
had minimal changes of the Fv/Fm ratio and
metabolite levels in rainfed vs. irrigated plants
and under heat stress (Rosas-Anderson et al,
2014b; Singh et al., 2014, 2016). GP-NC WS 17
line derived from interspecific hybridization with
Arachis cardenasii Krapov. & W.C. Gregory. In
2014, GP-NC WS 17 was released as a germplasm
line for multiple biotic and abiotic stress resistance
(Tallury et al., 2014). In 2016, GP-VT NC 01 was
released as germplasm with improved drought
tolerance (Balota and Isleib, 2020). Here,
N04074FCT had among the lowest yield and grade
under MD and SD, and it was used as drought
susceptible check. GP-VT NC 01 and GP-NC WS
17 had the greatest yield under MD and SD and
were used as drought tolerant checks. Finally,
Florida 07 and N08082olJCT were used as parents
to develop 16 RIL populations for molecular
genotyping (Holbrook et al., 2013). These geno-
types were compared by Shekoofa et al. (2013) for
the transpiration response to soil drying in
laboratory. Conclusions from these authors
showed that Florida 07 had faster response than
N08082olJCT to soil drying, indicating possible
better tolerance to water deficit stress. Here, both

genotypes possessed some tolerance, showed as
high pod yield under water deficit, but
N08082olJCT had poor grades under SD, for
which the value was among the lowest. In addition,
under WW regime, N08082olJCT had the highest
yield in the cool 2014, but not in the hot 2013; and,
unlike Florida 07, it had a significant decrease of
C18:1 under SD, for which N08082olJCT appears
to be sensitive to high temperature stress. While
genotypic differences for transpiration rate and
other physiological traits were documented in
peanut, finding the traits with significant contribu-
tion to improved yield and grade under water
deficit in the field is still needed.

The C18:1 content was significantly higher in
the hotter than in the cooler year under both water
regimes, 78 vs. 75% (p¼0.0003) in WW and 75 vs.
70 % (p¼0.070) in SD. The C18:2 significantly
decreased in 2013 vs. 2014 only under WW, and the
total saturated increased only in SD. Changes in
fatty acid composition and saturation levels under
stress have been well studied in leaves and roots,
but little in seeds (Alfonso et al., 2003; Liu and
Huang, 2004; Yan et al., 2012). Recent work by
Zhou et al. (2018) showed that high night
temperature decreased the relative proportion of
C18:1 and increased C18:2 in rape seeds. Similarly,
for peanut seed from dry fields, decrease of C18:1
and increase of C18:2 is expected; but this is based
on rather indirect than direct effect of water stress.
Drought usually reduces seed development and
increases the proportion of immature seeds in the
seed sample, i.e., more mediums, number 1’s, and
fall through than ELK (Dang et al., 2013); and
under-developed and immature seeds have less
C18:1 content (Andersen and Gorbet, 2002; Hinds,
1995; Klevorn et al., 2016; Sanders et al., 1982).
But it is not clear if drought can affect C18:1
directly. To test this, in this study, peanut seeds
were grouped by size, i.e., ELK, mediums, number
1’s, and fall through, and oil profile analysis was
performed on each group individually. Both seed
size and water deficit stress had significant effects
on C18:1, C18:2 and saturated oils. In agreement
with earlier studies, C18:1 decreased progressively
from 76% in ELK to 74% in mediums, 70% in
number 1’s, and 65% in fall through, indicating
that a sample with a higher proportion of mediums
and number 1’s will have less C18:1 than a sample
with a higher proportion of ELK and mediums. At
the same time, SD caused a significant decrease of
C18:1, and increased C18:2 and total saturated,
uniformly for all seed sizes, i.e. the interaction of G
3K, W3K, G3W3K, and K3G3Y was not
significant (Table 7). This shows that under water
deficit stress, oil profile of peanut kernels may be
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affected directly, from drought, and indirectly,
from increased proportion of immature seeds.

In conclusion, this study showed that soil
moisture deficit negatively impacted peanut yield,
grade and fatty acids with intensities depending on
stress severity, year, and genotype; hot years
appeared to exacerbate drought effect. Runner
cultivars, Florida 07 and Georgia 06G were,
indeed, more drought tolerant than virginia-type
cultivars, in particular under SD. Among the
virginia-type, Sugg had highest yields under SD
but was out yielded by Bailey and Phillips when
moisture stress was mild. Wynne and Spain have
the largest kernels in this set; and they both
performed poorest for yield and grade, confirming
that larger kernels require more water to be filled.
Finally, the rainout setting used in this study
provided comparative results with real farm peanut
production in the region; this is important for
breeding programs in the VC region, where rain
unpredictability does not allow for drought screen-
ing in an open field setting.
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