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Abstract: Growth and bulb development in garlic is affected considerably by variations in
photoperiod and temperature thereby influencing its morphology, physiology, and nutritive quality.
Varied combinations of photoperiods and temperatures may influence the bulb development and
quality, and can determine the suitability of a cultivar for a particular region. Experiments were
conducted to study the impact of different photoperiod and temperature combinations on the growth,
morpho-physiology, and nutritive quality of garlic bulb. Three garlic cultivars viz; G103, G024,
and G2011-5 were exposed to different combinations of photoperiod (8 h/16 h, 10 h/14 h, 12 h/12 h,
14 h/10 h, 16 h/8 h (light/dark)) and temperature (20 ◦C/15 ◦C, 25 ◦C/18 ◦C, and 30 ◦C/20 ◦C). Results
revealed that longer photoperiod (14 h or 16 h) and higher temperature (25 ◦C or 30 ◦C) treatments
significantly improved the garlic bulbing imparting maximum bulb diameter, height, bulbing index,
and the shortest growth period. Whereas, 12-h photoperiod had maximum bulb weight. In addition,
total soluble solid (TSS), content of soluble protein, soluble sugar, total sugar, glucose, sucrose, fructose,
starch, total phenols, and total flavonoids increased significantly because of 14-h photoperiod and
30 ◦C temperature condition, however exhibited decline with 8 h photoperiod and lowest temperature
(20 ◦C). These alterations were related to bulb characteristics and bulbing index. Maximum plant
standing height and pseudostem diameter of the garlic plant were observed at 20 ◦C. Additionally,
plants under the combination of 14 h–30 ◦C had maximum fresh weight, bulb diameter, shortest
growth period, maximum physiological and nutritive quality traits of the bulb, while as 12 h–30 ◦C
combinations resulted in maximum bulb weight and 16 h–30 ◦C had maximum bulb height. Among
cultivars cv. G103 showed best response to tested photoperiod and temperature combinations in
terms of morpho-physiological and biochemical attributes studied, except for bulbing index which
was maximum in cv. G024. Present study concludes the influence of photoperiod and temperature
combinations on garlic growth and bulbing characteristics through the modulations induced in
soluble protein, sugars, and phenolic compounds.
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1. Introduction

Garlic (Allium sativum L.) is grown widely throughout the world and China is among the major
producers of garlic bulb in the world [1]. The global production of garlic also indicates that garlic
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possesses genetic plasticity because of capricious environmental conditions throughout the world.
The difference in the environmental conditions may contribute to the growth and developmental
variations in garlic bulb and its quality. Among these environmental factors, photoperiod and
temperature may be the key factors to regulate the garlic bulb development. Previous studies have
reported that exposure to prolonged daylight and temperatures higher than 20 degrees improves garlic
bulb production and quality [2]. In addition, vernalization accomplishment provided with prolonged
daylight and high temperature may enhance garlic growth and development [3].

Photoperiod specifies the day length or incidence of light for plants grown at the total absence of
natural light. Plants use photoreceptor proteins of phytochromes or cryptochromes to perceive length
of light along with darkness or absence of light. Bulb beginning in alliaceous crops is highly inclined
by day length [4,5]. Long photoperiod accelerates the flower stalks initial elongation and bulbing in
garlic [6]. Changes in relative darkness or night length are influenced by geographical location, distance
from equator, and period of the year which have been described to affect plant development and
yield [7–10]. Higher temperatures impact bulbing with cultivars exhibiting differential responses [11].

Photoperiod and temperature combinations significantly stimulate the course of development.
Garlic bulbing is affected by the day length and temperature to which the dormant cloves are subjected
before the start of bulbing [12]. The competition for resources by the developing bulbs and inflorescence
sinks regulates the fate of stalk elongation and bulb formation [13]. It has been suggested that impact of
photoperiod and temperature on bulb growth should be considered in the background of the immediate
but viable bulb growth [6]. Environmental restrictions may result because of the interaction between
photoperiod and temperature, and the warm conditions of late spring accelerate bulbing response
in short-day cultivars thereby imposing plants to develop smaller bulbs, however colder winter
temperatures can induce bolting. The time spell from planting to inflorescence progressively curtails
with increasing photoperiod or temperature [14]. The impact of external factors like photoperiod and
temperature on plant evolution and growth has been described in numerous garlic genotypes [15].
Different combinations of long or short photoperiod with low or high growth temperatures produce
changes in plant development. Nevertheless, long photoperiod and high temperatures induce bulb
growth once bulbing has started. Influence of environmental effects on garlic bulb development has
been studied and the internal physiological mechanisms causing alterations in productivity between
cultivars under the same ecological conditions have been unidentified [16].

The quality of vegetables and bulbing induced by photoperiod and temperature, and far red light
is important [17–20]. In plants, synthesis of phenolics and flavonoids is influenced by environmental
factors [21]. Plant growth and development is not only regulated by light but also the biosynthesis of
primary and secondary metabolites [22]. Phenolic biosynthesis is modulated by light, and flavonoid
biosynthesis is categorically light dependent [23]. Bulbing at the end of crop cycle is a very vital
stage in development where bulb becomes the greatest sink organ of photo assimilates which are
altered to fructooligosaccharides and high-molecular weight fructans till plant senescence happens [24].
The quantity of fructans like other metabolites is sturdily prejudiced by genetic and ecological aspects,
and growth factors like photoperiod, temperature, humidity and fertilizers, microbes and insects,
UV radiation, heavy metals and pesticides [25].

Chemical composition of garlic bulbs is significantly affected by the genotype, thus the cultivar
choice, in accordance with the climate chucks and standards of market quality could be an important
means toward the quality enhancement of the final products. Regardless of the fact that in many
parts of the world garlic is asexually propagated with cloves by farmers who use their cloves from the
previous growing season. There is also a great range in agronomic and morphological types generally
because of the presence of several ecotypes that are cultivated in the same areas for a long time and
the ensuing accretion of natural mutations [26]. Gonzalez et al. [27] have distinguished substantial
variability in the case of organosulfur compounds, pungency, total soluble solids, and antiplatelet
activity, not only among garlic clones belonging to different ecophysiological groups, but also between
same group clones. Mohammadi et al. [26] described that amongst topographical basis and genetic
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assortment a relationship for various Iranian garlic cultivars with germplasm differences were
generally as an outcome of genotype and plant material transfer between the numerous growing
areas. Furthermore, Singh et al. [28] have also examined the morphological variability of 47 Indian
garlic collections.

There has been hardly any data available on garlic bulb quality related traits as effected by daylength
and growth temperature combination. In this backdrop it was hypothesized that photoperiod and
temperature combinations can influence bulb development and related attributes in garlic. So, the major
objective of this investigation was to evaluate the effects of photoperiod and temperature combinations
on nutritive quality indices of garlic bulb in terms of some traits like total soluble solid, soluble protein,
sugars, starch, and phenolic compounds.

2. Materials and Methods

2.1. Experimental Cloves Sowing Site Description

The plantation of experimental cloves was done at the Horticultural Experimental Station (34◦16′N,
108◦4′ E), Northwest A&F University, Yangling, Shaanxi Province, China in 2017–2018. This region had
a temperate monsoon climate, with 12–14 ◦C of annual average temperature. Chemical characteristics
of the soil used for growing experimental plants were: pH 7.8, electrical conductivity 239.1 µS
cm−1, available N (nitrogen) 56.32 mg kg−1, available P (phosphorus) 52.57 mg kg−1 and available K
(potassium) 224.90 mg kg−1. Deep plough and deep tillage of the plot was done before plantation.
After that, each plot was broadcasted and incorporated with 1.5 kg “Pengdixin” (organic matter ≥30%,
N + P + K ≥ 4%, humic acid ≥20%, organic sylvite ≥5%; Zhengzhou, Henan Province, China), 0.25 kg
Stanley compound fertilizer (21–10–11; Yimeng, Shandong Province, China) and 0.4 kg ammonium
hydrogen carbonate (Hanzhong, Shaanxi Province, China) as a basal dose of fertilizer before plantation.
Throughout the time, standard agronomic practices were used to maintain the plants.

2.2. Photoperiod and Temperature Treatments

The trial was a three-factor (cultivar × photoperiod × temperature) complete randomized
experiment. Healthy cloves of three garlic cultivars (G103, G024, and G2011-5) were selected as
the experimental material and were sterilized with 0.6% Dacotech (75% chlorothalonil, Syngenta,
Guangzhou, China). The difference in the selected cultivar was: G103 (growth period: 240 days,
bulb skin color: white, mean number of cloves per bulb: 12–14, bulb fresh weight: 45–55 g),
G024 (growth period: 240 days, bulb skin color: purple, mean number of cloves per bulb: 11–12,
bulb fresh weight: 40–50 g), G2011-5 (growth period: 250 days, bulb skin color: purple, mean number
of cloves per bulb: 12–14, bulb fresh weight: 45–55 g).

The experimental cloves were planted in the field on 1st September, 2017 at 5 cm depth, 5 cm
plant to plant spacing, and 20 cm row to row spacing. The plot length and width were 1 m and 3 m,
respectively. On 30th January 2018, the experimental plants of three garlic cultivars were transplanted
into 15 × 15 cm pots and were filled with organic substrate “Jiahui” (20–25% of organic matter, 8–10%
of humic acid, 6.5–6.8 of pH; Liaocheng, Shandong Province, China). Four uniform garlic plants were
maintained in each pot and for each replication nine pots were used per treatment. Three biological
replicates were used for experiments.

On 30th January 2018, the experimental plants were accustomed for 48 h under 20/18 ◦C (light/dark)
and 80% RH to avoid transplanting shock. On 1st February 2018, the experimental plants were exposed
to different combinations of photoperiod (8/16 h, 10/14 h, 12/12 h, 14/10 h, 16/8 h (light/dark)) and
temperature (20/15 ◦C; 25/18 ◦C, and 30/20 ◦C (light/dark)) treatments in fifteen separate growth
chambers (Ningbo Jiangnan Instrument Factory, Zhejiang Province, China) with 70% RH (relative
humidity) and 105 µmol m−2 s−1 PAR (photosynthetic active radiation) per replicate.
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On 12 March 2018, 40 days after photoperiod and temperature treatment, six plants from
six pots from each treatment of each replication were randomly sampled. After measuring the
morphological traits (plant standing height, fresh weight, pseudostem diameter, bulb diameter,
bulb weight, bulb height, and bulbing index) bulbs were cleaned with distilled water and dried with
absorbent paper. Samples were collected in liquid nitrogen and stored at −80 ◦C in a freezer until
analysis of the physiological and nutritive quality indices (TSS, soluble protein content, soluble sugar
content, total sugar content, glucose content, sucrose content, fructose content, starch content, total
phenol content, and total flavonoid content). Three technical replicates were used to assay physiological
and nutritive quality indices. From April to May 2018, the garlic bulb weight, height, and diameter
were measured.

2.3. Measurement of Garlic Plant Morphological Indices, Bulb Characteristics, Growth Period,
and Bulbing Index

The garlic morphological traits were assessed in the laboratory using measuring tape (plant
standing height), electronic balance (Changzhou, China) (fresh weight and bulb weight), and electronic
vernier caliper (Guanglu, China) (pseudostem diameter, bulb height, and bulb diameter). Growth
period (number of days) was calculated from the treatment date (01 February) in growth chambers to
the harvest date. Bulbing index (BI) was articulated as the ratio of the bulb diameter to pseudostem
diameter. Bulbing was considered to begin when BI = 2 [29].

2.4. Assessment of Garlic Bulb Physiological and Nutritive Quality Indices

2.4.1. TSS (Total Soluble Solid)

Digital refractometer (PAL-1, Minato-ku, Tokyo, Japan) was used to estimate TSS content of the
garlic bulb juice.

2.4.2. Soluble Protein Content

Coomassie Brilliant Blue (CBB) method was used to determine the soluble protein content [30].
Coomassie Brilliant Blue G-250 (100 mg) was dissolved in 50 mL 95% ethanol and to this solution
100 mL 85% (w/v) phosphoric acid was added. The resulting solution was diluted to a final volume of
1 L. Final concentrations in the reagent were 0.01% (w/v) Coomassie Brilliant Blue G-250, 4.7% (w/v)
ethanol, and 8.5% (w/v) phosphoric acid. The absorbance was taken at 595 nm and content of protein
was calculated from the standard curve.

2.4.3. Soluble Sugar Content

Estimation of the soluble sugar content in garlic cloves was done according to Fei et al. [31].
The extracts of H2O were diluted with 80% methanol with concentration of 10 mg/mL. 1.0 mL diluted
extracts and 1.0 mL of 5% phenol were mixed and 5.0 mL H2SO4 was added and mixed thoroughly. After
cooling, the absorbance was recorded at 485 nm and concentration of soluble sugar was determined
from the standard curve of glucose solution (concentration range from 0 to 100 µg/mL). Results were
expressed as % of glucose equivalents for g of garlic cloves.

2.4.4. Total Sugar Content

Total sugar content was estimated according to McCready et al. [32]. Five hundred milligram of
sample was extracted in ethanol. After centrifugation at 5000× g for 10 min supernatant was mixed with
15 mL hydrochloric acid (1N) and incubated in a water bath for 20 min. Thereafter, 1 mL hydrolyzed
extract was taken in test tube and 4 mL anthrone reagent was added. After 10 min absorbance was
read at 620 nm and calculations were done from standard curve of glucose.



Agronomy 2019, 9, 879 5 of 21

2.4.5. Glucose Content

Measurement of glucose content was done according to Miller [33]. Samples were extracted in
distilled water and supernatant was mixed with 1 mL alkaline copper tartrate reagent and resultant
solution was incubated in boiling water bath for 10 min. The test tubes were removed and cooled
followed by addition of 1 mL of arsenomolybdate reagent. The volume of each test tube was made up
to 10 mL with distilled water. After 10 min absorbance reading was taken at a wavelength of 620 nm.
The amount of reducing sugar present in the sample was calculated from the standard curve of glucose.

2.4.6. Sucrose Content

Sucrose content was assayed according to Handel [34]. After extraction supernatant was mixed
with 2 N NaOH and incubated in water bath for 10 min. After cooling, 3.5 mL hydrochloric acid (30%),
and 1 mL resorcinol (0.1%) were added, and resulting solution was mixed thoroughly. After incubating
at 80 °C in water bath for 30 min samples were cooled and read at 480 nm.

2.4.7. Fructose Content

Determination of fructose content was done according to Ashwell. [35]. 50 mg sample was
extracted in 4 mL 80% ethanol in water bath at 80 °C. Supernatant was collected and residue was again
extracted in 2 mL 80% ethanol. Ten milligram of activated carbon was added to the supernatant to
decolorize it. A total of 2 mL 0.1% resorcinol and 1 mL H2O were added and incubated at 80 °C water
bath for 10 min. After cooling at room temperature OD was read at 480 nm and calculation was done
using standard curve of fructose.

2.4.8. Starch Content

Starch content was evaluated according to McCready et al. [32]. Residue left after sugar estimation
was dried and extracted in 3 mL of water at 100 °C in water bath for 20 min. Thereafter, 2 mL 9.2 N
perchloric acid was added and allowed to stand for 10 min followed by centrifugation at 4000× g for 15
min. After that 2.4 mL water and 1.6 mL 9.2 N perchloric acid were added and allowed to stand for 10
min. Samples were again centrifuged and supernatants were mixed. Total of 4 mL anthrone-sulfuric
acid reagent was added to 0.4 mL extract and incubated at 90 °C for 15 min. After cooling absorbance
was recorded at 620 nm.

2.4.9. Total Phenol Content

Total phenol content was estimated according to Singleton and Rossi, [36]. Total of 100 mg sample
was extracted in methanol and extract was centrifuged at 3000× g for 10 min. One milliliter supernatant
was mixed with 1 mL FC (Folin phenol) reagent and 3 mL 20% Na2CO3. After 30 min absorbance was
taken at 765 nm wavelength. Standard curve of gallic acid was used for calculation.

2.4.10. Total Flavonoid Content

The method of Yong et al. [37] was used to estimate the total flavonoids content. After extracting
100 mg sample in 30% ethanol 5 mL of 5% sodium nitrite was added to supernatant and allowed to
stand for 5 min. Thereafter 10% aluminum nitrite solution was added followed by addition of sodium
hydroxide. The absorbance was taken at 510 nm and standard curve of rutin was used for calculation.

2.5. Statistical Analysis

The homogeneity of variance of data was tested by using Bartlett’s test and the normality of
distribution of data was tested by using Shapiro–Wilk test to confirm that the data meet the assumptions
of ANOVA. Afterward, the data were evaluated using ANOVA (analysis of variance) as a 3 × 5 × 3
(cultivar × photoperiod × temperature) factorial design for this trial. SPSS 17.0 software (SPSS Inc.,
Chicago, IL, USA) was used. Tukey HSD tests were used for comparison of mean among treatments
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at p < 0.05. Correlations were calculated with the Pearson test at p < 0.05. The data were collected
in triplicate.

3. Results

3.1. The Main Effect of Cultivar, Photoperiod and Temperature Treatments on the Garlic Plant Morphology,
Bulb Characteristics, Growth Period, and Bulbing Index

The main effect of each factor was analyzed (Table 1). All of the considered factors, including
cultivar (C), photoperiod (L), and temperature (T) have highly significant outcome on plant standing
height, fresh weight, pseudostem diameter, bulb diameter, bulb weight, bulb height, growth period,
and bulbing index. The longer photoperiod (14 h) and highest test temperature (30 ◦C) offered
a significant enhancing result on the fresh weight, bulb diameter, growth period, and bulbing index,
and the lowest temperature (20 ◦C) caused the highest plants and maximum pseudostem diameter,
among all the treatments (Table 1). In addition, 12-h photoperiod and 25 ◦C resulted maximum bulb
weight and 16-h photoperiod and 30 ◦C resulted in maximum bulb height. Among cultivars, G103 had
the highest plant standing height, maximum fresh weight, pseudostem diameter, bulb diameter,
bulb weight, bulb height, and shortest growth period whereas cv. G024 had maximum bulbing index
(Table 1).

Table 1. Effects of photoperiod and temperature treatments on plant morphological traits,
bulb characteristics, growth period, and bulbing index of three garlic cultivars.

Treatment Plant Standing
Height (cm)

Fresh
Weight (g)

Pseudostem
Diameter (mm)

Bulb
Diameter (mm)

Bulb
Weight (g)

Bulb
Height (mm)

Growth
Period (day) Bulbing Index

Grand mean 72.8 41.36 13.2 30.5 25.83 44.1 74.5 2.34
Cultivar

G103 76.7 a 43.41 a 14.5 a 32.7 a 28.08 a 46.5 a 73.8 b 2.29 c

G024 68.9 c 39.55 c 11.8 c 28.2 c 24.03 c 41.6 c 73.0 c 2.39 a

G2011-5 72.7 b 41.11 b 13.3 b 30.6 b 25.36 b 44.1 b 76.5 a 2.33 a

Photoperiod (light/dark)
8/16 hr 70.9 e 40.34 d 12.3 d 24.2 e 24.93 e 42.8 d 92.9 a 1.98 d

10/14hr 72.1 d 40.13 e 12.6 c 28.2 d 25.72 c 43.5 c 82.1 b 2.28 c

12/12hr 72.9 c 41.40 c 13.3 b 32.5 c 27.19 a 44.0 b 72.1 c 2.48 a

14/10hr 74.3 a 42.86 a 13.9 a 34.0 a 25.82 b 45.0 a 59.1 e 2.49 a

16/8hr 73.7 b 42.05 b 13.9 a 33.5 b 25.47 d 45.0 a 66.00 d 2.44 b

Temperature (light/dark)
20/15 ◦C 82.2 a 38.02 c 15.0 a 28.3 c 26.00 b 41.00 c 86.0 a 1.89 c

25/18 ◦C 67.7 c 39.10 b 12.5 b 30.7 b 26.37 a 41.5 b 72.3 b 2.45 b

30/20 ◦C 68.5 b 46.95 a 12.1 c 32.4 a 25.11 c 49.75 a 65.1 c 2.67 a

F-test
Cultivar (C) *** *** *** *** *** *** *** ***

Photoperiod (L) *** *** *** *** *** *** *** ***
Temperature (T) *** *** *** *** *** *** *** ***

C × L *** *** *** *** *** *** *** ***
C × T *** *** *** *** *** *** *** ***
L × T *** *** *** *** *** *** *** ***

C × L × T * *** *** *** *** *** *** ***

Different letters indicate significant differences between means within columns of cultivar, photoperiod and
temperature at p < 0.05 by Tukey HSD test. * p < 0.05, *** p < 0.001.

3.2. Interaction Effects of Photoperiod and Temperature Treatments on Plant Morphology of Three
Garlic Cultivars

The interaction of C × L (cultivar×photoperiod), C × T (cultivar×temperature), L × T (photoperiod
× temperature), and C × L × T significantly affected the plant standing height, fresh weight,
and pseudostem diameter (Table 1). Results depicted in Table 1 reveal that growth of garlic plants
fluctuated significantly in response to different treatments. Though the plant standing height and
pseudostem diameter varies among cultivars, a similar general outline was detected in which a longer
photoperiod and lower temperature significantly improved the plant standing height and pseudostem
diameter of the garlic plant among the treatments, whereas maximum fresh weight of garlic plant was
observed in longer photoperiod and higher temperature. The garlic plant standing height responded
positively to the L14T20 treatment for three studied cultivars with an increase of 30%, 25%, and 26%
for cvs. G103, G024, and G2011-5, respectively (Table 2). Maximum fresh weight of garlic plant was
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observed in L14/T30 and maximum pseudostem diameter was observed in L14/T20, for cvs. G103, G024,
and G2011-5. The increase in fresh weight was 34%, 31%, and 33% for cvs G103, G024, and G2011-5,
respectively and increase in pseudostem diameter was 44% in G103, 46% in G024, and 42% in G2011-5
(Table 2).

Table 2. Interaction of photoperiod and temperature treatments on plant morphology of three
garlic cultivars.

Treatment G103 G024 G2011-5

Photoperiod
(light/dark)

Temperature
(light/dark)

Plant Standing
Height (cm)

Fresh
Weight (g)

Pseudostem
Diameter (mm)

Plant Standing
Height (cm)

Fresh
Weight (g)

Pseudostem
Diameter (mm)

Plant Standing
Height (cm)

Fresh
Weight (g)

Pseudostem
Diameter (mm)

8/16 hr 20/15 ◦C 83.0 e 38.26 m 15.4 d 76.0 c 35.35 l 12.3 d 80.6 d 36.54 n 14.4 c

25/18 ◦C 68.2 l 39.58 k 12.8 i 63.8 ef 36.87 i 10.2 h 66.3 k 38.47 i 11.8 g

30/20 ◦C 69.1 k 47.50 e 12.3 j 63.4 f 44.33 d 9.9 i 67.2 i 46.19 c 11.2 h

10/14 hr 20/15 ◦C 86.2 d 38.81 l 15.5 d 77.2 bc 35.93 k 13.1 c 80.9 d 36.90 m 14.3 c

25/18 ◦C 71.1 j 39.91 jk 12.9 i 63.3 f 36.31 j 10.9 g 66.8 j 37.21 m 14.3 g

30/20 ◦C 71.9 i 47.91 d 12.7 i 64.3 ef 43.58 e 10.4 h 67.5 hi 44.62 e 11.7 g

12/12 hr 20/15 ◦C 87.3 c 40.24 j 16.6 c 77.5 bc 36.35 j 13.5 b 82.0 c 37.92 k 15.4 b

25/18 ◦C 72.0 i 41.21 h 13.8 g 64.0 ef 37.82 g 11.3 f 67.7 h 38.21 j 12.8 e

30/20 ◦C 72.6 h 49.58 c 13.3 h 64.8 def 45.41 b 10.9 g 68.4 g 45.81 d 12.3 f

14/10 hr 20/15 ◦C 88.6 a 41.22 h 17.3 b 79.6 a 37.22 h 14.4 a 83.8 a 39.22 h 15.9 a

25/18 ◦C 73.2 g 42.62 f 14.4 f 64.9 def 38.67 f 11.9 e 68.9 f 40.51 f 13.3 d

30/20 ◦C 73.8 f 51.31 a 13.9 g 66.4 d 46.38 a 11.3 f 69.8 e 48.62 a 12.8 e

16/8 hr 20/15 ◦C 88.1 b 40.83 i 17.6 a 78.4 ab 36.89 i 14.3 a 83.0 b 38.63 i 15.5 b

25/18 ◦C 72.5 h 41.90 g 14.7 e 64.6 ef 37.30 h 11.9 e 68.5 g 39.90 g 12.9 e

30/20 ◦C 73.4 g 50.32 b 13.9 g 65.4 de 44.81 c 11.5 f 69.2 f 47.88 b 12.9 e

Different letters indicate significant differences between means within columns of photoperiod and temperature
combinations of three garlic cultivars at p < 0.05 by Tukey HSD test.

3.3. Interaction Effects of Photoperiod and Temperature Treatments on Bulb Characteristics and Growth Period
of Three Garlic Cultivars

The garlic bulb characteristics (bulb diameter, weight, and height) were significantly improved by
the interaction of C × L, C × T, L × T, and C × L × T (Table 1). It was evident that different treatments
had significantly different effects on garlic bulb characteristics (Table 1). Even though garlic bulb
diameter, weight, and height varied among cultivars. The same overall pattern was detected in which
a longer photoperiod and higher temperature significantly enhanced the bulb characteristics among
the treatments. L14/T30 treatment had maximum bulb diameter as related to other treatments for cvs.
G103, G024, and G2011-5 with an increase of 49%, 78%, and 60%, respectively (Table 3). Maximum
bulb weight was observed at L10/T30 in cv. G103 with an increase of 44%, and at L12/T30 in cv. G024
with increase of 37%. Cv. G2011-5 had the maximum bulb weight at L12/T30 with increase of 40%
(Table 3). The maximum bulb height was observed at L16/T30 in cv. G103 with an increase of 28% and
at L14/T30 in cv. G024 and cv. G2011-5 with increase of 29% and 28%, respectively (Table 3). L14/T30
treatment combination had the shortest growth period in comparison with other treatments in all the
studied cultivars (Table 3). This outcome proposed that longer photoperiods and higher temperatures
improved the maturity of the garlic plant and shortened the growth period.
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Table 3. Interaction of photoperiod and temperature treatments on bulb characteristics and growth period of three garlic cultivars.

Treatment G103 G024 G2011-5

Photoperiod
(h)

(light/dark)

Temperature
(◦C)

(light/dark)

Bulb
Diameter (mm)

Bulb
Weight (g)

Bulb
Height (mm)

Growth
Period (day)

Bulb
Diameter (mm)

Bulb
Weight (g)

Bulb
Height (mm)

Growth
Period (day)

Bulb
Diameter (mm)

Bulb
Weight (g)

Bulb
Height (mm)

Growth
Period (day)

8/16 20/15 25.3 m 27.91 ef 42.0 l 109.5 a 19.2 l 23.93 fg 37.6 l 103.9 a 22.6 m 25.91 e 39.8 l 99.2 a

25/18 27.4 l 28.43 cd 42.5 k 76.3 ef 20.8 k 24.28 ef 38.1 jk 100.0 b 24.4 l 26.26 d 40.3 k 97.9 a

30/20 28.7 k 23.72 i 51.0 d 76.6 ef 24.0 i 21.55 l 45.7 d 84.1 cd 25.6 k 22.36 k 48.3 e 89.1 b

10/14 20/15 28.9 k 27.73 g 42.8 j 100.2 b 21.8 j 23.69 gh 38.3 j 86.3 c 26.9 j 25.71 ef 40.5 k 90.9 b

25/18 31.2 j 28.19 fg 43.5 h 82.9 cd 25.8 h 23.92 g 38.0 k 76.8 f 29.1 i 25.93 e 41.0 j 83.2 c

30/20 32.7 h 33.78 a 52.2 c 79.0 de 27.1 g 20.53 m 45.6 d 65.8 h 30.5 h 21.97 l 49.2 d 74.2 d

12/12 20/15 32.3 i 27.29 g 43.1 i 84.2 c 28.2 f 23.24 ij 38.7 i 80.4 ef 30.5 h 25.22 g 40.9 j 88.9 b

25/18 34.9 f 27.53 fg 43.7 gh 69.2 gh 31.0 d 23.52 hi 39.1 h 63.7 h 33.0 e 25.61 f 41.3 i 74.8 d

30/20 36.6 c 33.36 a 52.5 b 68.0 h 32.0 c 28.21 a 46.9 c 53.5 j 34.6 c 30.71 a 49.6 c 66.3 ef

14/10 20/15 33.2 g 28.30 cde 43.9 g 72.5 fg 30.2 de 24.33 e 39.4 g 70.5 g 31.9 f 26.80 b 41.7 h 68.7 e

25/18 35.9 d 29.41 b 44.5 e 50.0 j 32.6 b 27.41 b 40.4 e 58.3 i 34.4 c 24.64 h 42.2 g 60.2 g

30/20 37.7 a 24.89 h 53.4 a 49.5 j 34.2 a 22.99 jk 48.6 a 48.8 k 36.2 a 23.63 i 51.0 a 53.6 h

16/8 20/15 32.9 gh 28.70 c 44.2 f 77.6 e 29.9 e 24.91 d 39.8 f 81.4 de 30.9 g 26.32 cd 42.0 g 76.4 d

25/18 35.6 e 28.54 cd 44.7 e 58.3 i 32.3 bc 25.34 c 40.0 f 66.3 h 33.4 d 26.54 c 42.5 f 65.8 f

30/20 37.4 b 23.46 i 53.6 a 53.8 j 33.9 a 22.68 k 48.0 b 55.8 ij 35.0 b 22.78 j 50.6 b 58.4 g

Different letters indicate significant differences between means within columns of photoperiod and temperature combinations of three garlic cultivars at p < 0.05 by Tukey HSD test.
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3.4. Interaction of Cultivar, Temperature and Photoperiod Treatments on Bulbing Index

Bulbing was considered to start when BI = 2. The interactions of C × L, C × T, L × T, and C × L × T
had a significant effect on BI (Table 1). The results of the experiment indicated that a longer photoperiod
and higher temperature significantly boosted the bulbing of garlic, while short photoperiod and the
lower temperature had only a small BI upsurge in the present study (Figure 1). In this study bulbing
began for cv. G103 in L8T25 (Figure 1A), and the highest BI was achieved under L12T30 (Figure 1A),
for cv. G024 bulbing began in L8T25 (Figure 1B), and the highest BI was achieved under L14T30
(Figure 1B), for cv. G2011-5 bulbing began in L14T20 (Figure 1C), and the highest BI was achieved
under L14T30 (Figure 1C).
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Figure 1. Bulbing index of cvs. G103 (A), G024 (B), and G2011-5 (C). Numbers (1–15) indicate 1: L8T20,
2: L8T25, 3: L8T30, 4: L10T20, 5: L10T25, 6: L10T30, 7: L12T20, 8: L12T25, 9: L12T30, 10: L14T20, 11:
L14T25, 12: L14T30, 13: L16T20, 14: L16T25, 15: L16T30; Different letters indicate significant differences
at p < 0.05 (ANOVA and Tukey HSD test); means ± SD.

3.5. The Main Effect of Cultivar, Photoperiod, and Temperature Treatments on the Garlic Bulb Physiological and
Nutritive Quality Traits

The key effects of each factor on nutritive quality traits in garlic bulbs was analyzed (Table 4).
A significant impact was observed for all of the studied factors (C, L, and T). The responses were similar
to bulb characteristics. Cv. G103 with the highest bulb characteristics, had the highest total soluble solid
(TSS), soluble protein, soluble sugar, total sugar, glucose, sucrose, fructose, starch contents while cv.
G024 with the lowest bulb characteristics, showed the lowest nutritive quality traits (Table 4). Similar to
the bulb characteristics, the photoperiod and temperature treatments significantly increased the protein
and sugar content (Tables 1, 3 and 4). Moreover, the longer photoperiod (L14) and higher temperature
(T30) had a significantly improving effect on the nutritive quality traits among the photoperiod and
temperature treatments which is similar to the increasing trend of BI.

Table 4. Effects of photoperiod and temperature treatments on bulb physiological and nutritive quality
traits of three garlic cultivars.

Treatment TSS
(%)

Soluble
Protein

(mg g−1)

Soluble
Sugar

(%)

Total
Sugar

(mg g−1)

Glucose
(%)

Sucrose
(mg g−1)

Fructose
(%)

Starch
(mg g−1)

Total
Phenol

(mg g−1)

Total
Flavonoid
(mg g−1)

Grand mean 19.33 7.62 26.28 9.97 49.53 29.03 34.90 18.28 18.88 1.41
Cultivar

G103 22.50 a 7.91 a 27.45 a 14.94 a 61.21 a 37.09 a 47.21 a 23.52 a 24.66 a 1.82 a

G024 16.79 c 7.31 c 25.14 c 6.96 c 40.82 c 23.57 c 24.51 c 14.74 c 13.82 c 0.97 c

G2011-5 18.70 b 7.63 b 26.23 b 8.80 b 46.55 b 26.42 b 32.98 b 16.57 b 18.16 b 1.45 b

Photoperiod
(light/dark)

8/16 hr 17.19 d 3.54 e 11.16 e 6.62 e 38.42 e 22.43 e 20.78 e 14.23 e 14.25 e 1.11 e



Agronomy 2019, 9, 879 10 of 21

Table 4. Cont.

Treatment TSS
(%)

Soluble
Protein

(mg g−1)

Soluble
Sugar

(%)

Total
Sugar

(mg g−1)

Glucose
(%)

Sucrose
(mg g−1)

Fructose
(%)

Starch
(mg g−1)

Total
Phenol

(mg g−1)

Total
Flavonoid
(mg g−1)

10/14 hr 17.85 c 7.11 d 24.64 d 7.78 d 43.54 d 24.90 d 26.56 d 15.51 d 16.18 d 1.21 d

12/12 hr 19.61 b 8.41 c 28.82 c 10.41 c 52.02 b 28.03 c 37.81 c 19.14 c 18.68 c 1.35 c

14/10 hr 22.42 a 10.00 a 35.93 a 14.27 a 62.59 a 36.16 a 46.27 a 22.24 a 25.32 a 1.83 a

16/8 hr 19.58 b 9.02 b 30.82 b 10.75 b 51.07 c 33.61 b 43.08 b 20.26 b 19.96 b 1.56 b

Temperature
(light/dark)

20/15 ◦C 18.28 c 6.39 c 23.03 c 7.90 c 43.80 c 25.02 b 26.27 c 15.44 c 15.63 c 1.35 c

25/18 ◦C 19.54 b 7.86 b 27.20 b 9.76 b 49.75 b 30.98 a 34.66 b 18.38 b 17.57 b 1.40 b

30/20 ◦C 20.18 a 8.61 a 28.60 a 12.23 a 55.03 a 31.07 a 43.77 a 21.00 a 23.44 a 1.47 a

F-test
Cultivar (C) *** *** *** *** *** *** *** *** *** ***

Photoperiod (L) *** *** *** *** *** *** *** *** *** ***
Temperature (T) *** *** *** *** *** *** *** *** *** ***

C × L *** *** *** *** *** *** *** *** *** ***
C × T *** *** *** *** *** *** *** *** *** ***
L × T *** *** *** *** *** *** *** *** *** *

C × L × T *** *** *** *** *** *** *** *** *** ns

Different letters indicate significant differences between means within columns of photoperiod and temperature
treatments of three garlic cultivars at p < 0.05 by Tukey HSD test. * p < 0.05, *** p < 0.001, ns: non-significant.

3.6. Interaction of Cultivar, Photoperiod and Temperature Treatments on the Garlic Bulb Physiology and
Nutritive Quality Traits

C × L, C × T, L × T, and C × L × T significantly affected garlic bulb nutritional traits (Table 4).
The findings of this study revealed that longer photoperiod and higher temperature significantly
increased the contents of soluble protein and sugars of garlic bulbs. The TSS of the garlic bulb
responded positively to longer photoperiod and higher temperature. L14T30 have maximum TSS
with an increase of 60% (Figure 2A) and 56% (Figure 2C), for cvs. G103 and G2011-5, respectively.
L14T20 had maximum TSS with an increase of 55% (Figure 2B), for cv. G024. Maximum protein
content was observed in the combination of longer photoperiod and higher temperature (L14T30)
with an increase of 310% (Figure 3A), 426% (Figure 3B), and 358% (Figure 3C) for cv. G103, cv. G024,
and G2011-5, respectively. The combination of longer photoperiod and higher temperature (L14T30)
significantly enhanced the soluble sugar content of garlic bulb with an increase of 333% (Figure 4A),
454% (Figure 4B), and 393% (Figure 4C) for cv. G103, cv. G024, and G2011-5, respectively. Total
sugar content responded favorably to L14T30 with an increase of 224% (Figure 5A) for cv. G103, 288%
(Figure 5B) increase for cv. G024, and 235% (Figure 5C) increase for cv. G2011-5. Highest TSS, soluble
protein, soluble sugar, and total sugar was observed in cv G103 (Figures 2A, 3A, 4A and 5A). Highest
glucose, sucrose, fructose, and starch content was found in L14T30 (longer photoperiod and higher
temperature) for three studied cultivars (Figures 6–9). Cv. G103 had an increase of 103% (Figure 6A),
127% (Figure 7A), 282% (Figure 8A), and 122% (Figure 9A) for glucose, sucrose, fructose, and starch
content, respectively; Cv. G024 had an increase of 119% (Figure 6B), 164% (Figure 7B), 443% (Figure 8B),
and 151% (Figure 9B) for glucose, sucrose, fructose, and starch content, respectively. G2011-5 exhibited
a maximum increase of 104% (Figure 6C), 93% (Figure 7C), 229% (Figure 8C), and 72% (Figure 9C) for
glucose, sucrose, fructose, and starch content, respectively.
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Figure 2. Total soluble solid (TSS) (%) of cvs. G103 (A), G024 (B), and G2011-5 (C). Numbers (1–15)
indicate 1: L8T20, 2: L8T25, 3: L8T30, 4: L10T20, 5: L10T25, 6: L10T30, 7: L12T20, 8: L12T25, 9: L12T30,
10: L14T20, 11: L14T25, 12: L14T30, 13: L16T20, 14: L16T25, 15: L16T30; Different letters indicate
significant differences at p < 0.05 (ANOVA and Tukey HSD test); means ± SD.
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indicate significant differences at p < 0.05 (ANOVA and Tukey HSD test); means ± SD.
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significant differences at p < 0.05 (ANOVA and Tukey HSD test); means ± SD.



Agronomy 2019, 9, 879 12 of 21

Agronomy 2019, 9, x FOR PEER REVIEW 3 of 21 

 

10: L14T20, 11: L14T25, 12: L14T30, 13: L16T20, 14: L16T25, 15: L16T30; Different letters indicate 
significant differences at p < 0.05 (ANOVA and Tukey HSD test); means ± SD. 

Figure 3. Soluble protein content (mg g−1) of cvs. G103 (A), G024 (B), and G2011-5 (C). Numbers (1–
15) indicate 1: L8T20, 2: L8T25, 3: L8T30, 4: L10T20, 5: L10T25, 6: L10T30, 7: L12T20, 8: L12T25, 9: 
L12T30, 10: L14T20, 11: L14T25, 12: L14T30, 13: L16T20, 14: L16T25, 15: L16T30 Different letters 
indicate significant differences at p < 0.05 (ANOVA and Tukey HSD test); means ± SD. 

Figure 4. Soluble sugar content (%) of cvs. G103 (A), G024 (B), and G2011–5 (C). Numbers (1–15) 
indicate 1: L8T20, 2: L8T25, 3: L8T30, 4: L10T20, 5: L10T25, 6: L10T30, 7: L12T20, 8: L12T25, 9: L12T30, 
10: L14T20, 11: L14T25, 12: L14T30, 13: L16T20, 14: L16T25, 15: L16T30 Different letters indicate 
significant differences at p < 0.05 (ANOVA and Tukey HSD test); means ± SD. 

Figure 5. Total sugar content (mg g−1) of cvs. G103 (A), G024 (B), and G2011-5 (C). Numbers (1–15) 
indicate 1: L8T20, 2: L8T25, 3: L8T30, 4: L10T20, 5: L10T25, 6: L10T30, 7: L12T20, 8: L12T25, 9: L12T30, 
10: L14T20, 11: L14T25, 12: L14T30, 13: L16T20, 14: L16T25, 15: L16T30 Different letters indicate 
significant differences at p < 0.05 (ANOVA and Tukey HSD test); means ± SD. 
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3.7. The Main Effect of Cultivar, Photoperiod and Temperature Treatments on the Garlic Bulb
Phenolic Compounds

The effect of cultivar, photoperiod, and temperature on phenolic compounds in garlic bulbs was
analyzed (Table 4) and significant effect was observed for all of the studied factors (C, L, and T).
The responses were similar to bulb characteristics. Cv. G103, with the highest bulb characteristics, had
the highest total phenol and flavonoid contents while cv. G024, with the lowest bulb characteristics,
showed the lowest phenols and flavonoid contents (Table 4). Similar to the bulb characteristics,
the increasing photoperiod and temperature treatments significantly increased the total phenols and
total flavonoids content (Table 4). Furthermore, the longer photoperiod (L14) and highest temperature
(T30) showed a significant enhancing effect on the phenolic compounds among the photoperiod and
temperature treatments, which agreed with the increasing trend of the bulb characteristics.

3.8. Interaction of Cultivar, Photoperiod, and Temperature Treatments on Garlic Bulb Phenolic Compounds

Total phenolic content of garlic bulb was significantly affected by C × L, C × T, L × T, and C × L
× T (Table 4). Combination of longer photoperiod and higher temperature (L14T30) had the highest
content of total phenols with increase of 157% (Figure 10A), 247% (Figure 10B), and 212% (Figure 10C)
for cvs. G103, G024, and G2011-5, respectively. C × L, C × T, L × T significantly affected the total
flavonoids content whereas non-significantly affected by C × L × T. L14T30 had the highest content of
total flavonoid content with increase of 77% (Figure 11A), 83% (Figure 11B), and 80% (Figure 11C) for
cvs. G103, G024, and G2011-5, respectively.
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3.9. Correlation Analysis

Correlation analysis was performed among the pseudostem diameter, garlic bulb characteristics,
growth period, bulbing index, garlic bulb nutritive quality traits and phenolic compounds, and between
each trait for three garlic cultivars (Table 5). The analyses showed highly significant correlations
between bulb characteristics, growth period, bulbing index, and physiological and nutritive quality
traits and phenolic compounds except between bulb weight and bulb height, bulbing index, soluble
protein, and soluble sugar. Significant correlations were seen between garlic plant morphological
indices and physiological and nutritive quality traits except among pseudostem diameter and bulb
height, soluble protein; among the fresh weight of garlic plant and pseudostem diameter, bulb weight
which had non-significant correlations. Non-significant correlations were found between bulb diameter,
bulb physiological, and nutritive quality traits except for total flavonoids. Significant correlations
had been observed among bulb characteristics, bulbing index, pseudostem diameter, fresh weight,
and total flavonoid (Table 5).
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Table 5. Correlation coefficients between garlic plant pseudostem diameter, bulb characteristics, growth period, bulbing index, and bulb physiological traits.

Index PD BD BW BH GP BI TSS SPC SSC TSC GC SC FC SC TP TF

PD 1
BD 0.276 ** 1
BW 0.415 *** 0.325 *** 1
BH −0.089 0.597 *** 0.121 1
GP 0.128 −0.807 *** 0.021 −0.514 *** 1
BI −0.513 *** 0.673 *** −0.031 0.586 *** −0.823 *** 1
TSS 0.403 *** 0.716 *** 0.437 *** 0.545 *** −0.512 *** 0.288 *** 1
SPC 0.098 0.879 *** 0.163 0.448 *** −0.814 *** 0.721 *** 0.440 *** 1
SSC 0.216 * 0.865 *** 0.094 0.333 *** −0.806 *** 0.616 *** 0.571 *** 0.357 *** 1
TSC 0.307 *** 0.814 *** 0.399 *** 0.694 *** −0.633 *** 0.463 *** 0.557 *** 0.260 *** 0.823 *** 1
GC 0.325 *** 0.822 *** 0.413 *** 0.629 *** −0.629 *** 0.464 *** 0.650 *** 0.584 *** 0.700 *** 0.628 *** 1
SC 0.298 *** 0.801 *** 0.383 *** 0.596 *** −0.666 *** 0.464 *** 0.748 *** 0.542 *** 0.661 *** 0.743 *** 0.767 *** 1
FC 0.246 ** 0.863 *** 0.357 *** 0.705 *** −0.669 *** 0.555 *** 0.824 *** 0.534 *** 0.712 *** 0.670 *** 0.824 *** 0.776 *** 1
SC 0.283 *** 0.816 *** 0.397 *** 0.686 *** −0.641 *** 0.485 *** 0.853 *** 0.501 *** 0.639 *** 0.651 *** 0.718 *** 0.753 *** 0.816 *** 1
TP 0.275 ** 0.774 *** 0.370 *** 0.772 *** −0.588 *** 0.451 *** 0.888 *** 0.386 *** 0.540 *** 0.508 *** 0.671 *** 0.705 *** 0.759 *** 0.840 *** 1
TF 0.593 *** 0.766 *** 0.441 *** 0.539 *** −0.469 *** 0.197 * 0.828 *** 0.590 *** 0.506 *** 0.423 *** 0.683 *** 0.741 *** 0.767 *** 0.767 *** 0.824 *** 1

* Correlation is significant at the 0.05 level; ** correlation is significant at the 0.01 level; *** correlation is significant at the 0.001 level. PD: pseudostem diameter; BD: bulb diameter; BW: bulb
weight; BH: bulb height; GP: growth period; BI: bulbing index; TSS: total soluble solid; SPC: soluble protein content; SSC: soluble sugar content; TSC: total sugar content, TP: total phenol;
TF: total flavonoid.
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4. Discussion

4.1. Effect of Photoperiod and Temperature on Garlic Plant Growth Traits and Bulbing

This study results revealed that garlic bulbing responded favorably to longer photoperiod and
higher temperature. Garlic cultivars variation in bulbing and environmental signals response is
observed and is most probably parallel to other Allium species [38–43]. In alliaceous crops, bulbing
depends on environmental signals, i.e., long photoperiods (lily) and high temperature (onion) [40–44].
Takagi [15] stated that long photoperiods are indispensable for floral scape elongation. A long
photoperiod and higher temperature were required for the bulbing of garlic [3,45].

In the present research, garlic plants were grown under numerous combinations of photoperiod
and temperature treatments for the bulbing response. The results showed that three studied cultivars
had a higher bulbing rate under longer photoperiod (14 h or 16 h) and higher temperatures (25 ◦C
or 30 ◦C) as compared to other treatments, which was in agreement with previous findings. In the
present research, we wanted to establish the requirement of photoperiod and temperature for bulbing
of garlic cultivars. In this study, results provide a further indication for the enlightening impact of
a longer photoperiod and higher temperature on garlic bulbing. It was practical to assume that longer
photoperiods and higher temperatures were essential for the bulbing of garlic. The significantly
different features of the selected cultivars might result in the diverse routines of bulb characteristics and
bulbing index. The physiological, nutritive quality traits, and phenolic compounds were significantly
different between the studied cultivars, which might elucidate the mechanism of the numerous bulbing
performances after photoperiod and temperature treatments (Table 4; Figures 2–11).

It had long been recognized that photoperiod and temperature play key roles in the ultimate size
of the bulb and formation. After 40 days of treatment, the bulbing procedure initiated for all of the
cultivars. In divergence, the beginning of bulb growth only happened at a longer photoperiod and
higher temperature for all cultivars. The results were in agreement with the former research in which
bulbing required longer photoperiods and higher temperatures [46]. In our study, the three particular
cultivars were implanted in the field at the same time on 1 September 2017. With the growth transitions
the early growing garlic had an early commencement of bulbs and finished the whole life cycle early,
therefore, clearing up why when we transplanted the experimental plants into the growth chamber
and then sampled them on 12 March, cv. G024 produced the largest BI, although cv. G103 had the
lowest BI (Table 2). Late maturing cultivars had a late start of bulbs. It was identified that the late
maturing cultivars had a benefit in yield and fruit quality somewhat because of the longer growth
period. Moreover, the biological characteristics of cvs G024 and G103 were different. Subsequently,
when harvested, cv. G103 had the largest bulb and highest yield.

The longer photoperiod (14 h and 16 h) and higher temperature (30 ◦C) are significantly effective
for garlic bulbing among all of the treatments in this study, and the critical photoperiod and temperature
conditions were cultivar specific. It has been stated that garlic produces poor bulbs in warm, short-day
lowland tropical regions, while in temperate zones, in which days were long and winters were
cold, flower induction and variation occur and were frequently tailed by scape elongation [42].
It was supposed that under optimum growing conditions (especially appropriate photoperiod and
temperature conditions) significantly affect bulbing and also improve the bulb development of garlic
thereby affecting its yield [6]. It looked that competition for resources was a very important aspect but
only as a second or third phase in a number of trials [6]. Burba and Riera [47] detected a largely optimistic
relationship amid maturity and bulb yield in garlic. Panthee et al. [48] also observed that early maturity
and high yields of garlic are connected, inspiring the breeding of a short-duration and high-yielding
cultivars. The outcomes of this investigation were in agreement with these aforementioned studies.
Under long photoperiod and higher temperature environments, the garlic plant matured earlier with
a higher yield which was of great advantage for the production of garlic bulb.
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4.2. Role of Photoperiod and Temperature in the Garlic Bulb Quality Attributes

A longer photoperiod and higher temperature combination led to a significant upsurge in the
concentration of TSS, soluble protein and sugars (Table 4; Figures 2–9). Bulbing was controlled by
inner indicators, which can be inhibited or stimulated by the environmental situations. Soluble
protein and sugars regulated plant growth, were considered to play a vital role in the development
of garlic bulb. Our results exhibited that the soluble protein and sugar levels in garlic bulb were
significantly increased by the longer photoperiod (14 h) and higher temperature (30 ◦C) and were
reduced by the shorter photoperiod (8 h) and lower temperature (20 ◦C) (Table 4; Figures 2–9).
This response accorded with that of the BI (Table 1; Figure 1) and bulb characteristics (diameter and
height) (Tables 1 and 3). Plants treated with L14/T30 had the highest soluble protein and sugar levels
for cv. G103 (Figures 3A, 4A, 5A, 6A, 7A, 8A and 9A). The results further established that the higher
bulbing ability might be due to the higher soluble protein and sugar levels in plants. Cultivars along
with the environmental conditions (photoperiod and temperature) affect the soluble protein and sugar
levels, which finally regulated garlic bulb development. It was practical to assume that soluble protein
and sugar levels were highly related to the bulbing capability of garlic, and higher levels were valuable
for garlic bulbing. It had been endorsed that sugars can have antagonistic and synergetic, as well as
stabilizer effects on different physiological processes. In this way they interrelated to normalized floral
transition and organogenesis under the effect of light signals [49]. Accordingly, different photoperiod
and temperature might persuade variations in the absorption and alignment of the soluble sugars in
plant tissues, leading to alterations of plant growth and development. The content of soluble sugars
also increased from short to long photoperiod and low to high temperature. Responses we observed
were mostly because of the rise in photoperiod and temperature. Generally, based on the plant growth
linked with the photoperiod and temperature tempted absorption changes, our results suggest that
soluble sugar responses may be involved in garlic bulb photoperiod and temperature adaptation.

The sugars in the bulbs of garlic were significantly affected by the photoperiod and temperature
treatments (Table 4; Figures 4–8). Berries grown at different latitudes have different concentration of
sugars [50,51]. Zheng et al. [50] found a higher content of sugars in currant cultivars grown in southern
Finland compared to the northern regions. Comparable inclination was detected in sea buckthorn [52].
Sugars content and their type are key contributors to taste in vegetables [53]. Rosa et al. [54] observed
higher levels of sugar in three varieties of Brassica oleracea grown in spring and summer season than in
those grown in the summer and winter season. It could hence be that longer photoperiod and higher
temperatures had higher sugars content and probably effect on the nutritive quality. Hence, our study
highlighted the importance of estimating photoperiod and temperature concurrently to evaluate their
impact on the nutritive quality attributes of garlic bulb. Our data suggested that complementary
photoperiod and temperature regimes could be anticipated to cause distinction in the sugars content
in garlic.

In the current investigation, the total phenols and flavonoids content of garlic bulb increased
following the increase of the photoperiod and temperature (Table 4; Figures 10 and 11). The increased
levels of total phenols and flavonoids could be related to the plant’s defense mechanisms. Consequently,
garlic bulbs produced at longer photoperiod and higher temperature own higher antioxidant properties
which is a positive nutritional improvement. These possible health profits of phenolic compounds
depend on their absorption and metabolism. Higher levels of phenolic compounds suggested that the
garlic bulbs grown at longer photoperiod and higher temperatures had not only higher total phenol
content, but also higher quantities of flavonoids. These data could be used as valuable approaches to
produce garlic bulbs with higher nutritional value. According to Beato et al. [54] the selection of cultivar
may be a useful resource to increase the total phenolics and ferulic acid content. Garlic phenols are one
of the nutritional qualities of garlic. Previous studies had revealed that the synthesis and accretion of
phenolic compounds were affected by the photoperiod and appropriate light treatment can increase
the total phenolic content in the plant and enhance free radical scavenging capacity [55,56]. Garlic
has also been anticipated as one of the richest bases of phenolic compounds among the frequently
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consumed vegetables, although it is highly graded concerning the per capita feeding of phenolics in
the human diet [57]. However, there is a great distinction in the total phenolic content, detected not
only between the several genotypes and ecotypes, but also amid the applied cultivation practices and
growing situations [58]. Other quality characters connected with the chemical composition, such as
total soluble solids, pH, and carbohydrate content also showed a great disparity among genotypes [59].
More combinations with different light/dark photoperiods and temperatures shall be tested in future
to find out the more optimum combinations of photoperiod and temperature for garlic bulbing.
According to the Pearson correlation coefficients, a significant correlation between bulb characteristics
and nutritive quality traits of garlic bulb existed (Table 5). These outcomes recommend that photoperiod
and temperature stimulate bulb development and improves garlic bulb yield. The data exhibited the
highest correlation of bulb diameter with bulb quality related indices advocates the implication of
these parameters as proficient indicators of garlic bulb formation and enlargement (Table 5).

5. Conclusions

In conclusion, it was obvious that a longer photoperiod and higher temperature were critical
for garlic bulbing. The soluble protein, sugars and phenolic compound levels increased significantly
after treatment, which might have led to the different responses of the three studied cultivars to
photoperiod and temperature treatments combination. It was presumed that higher soluble protein,
sugars, and phenolic compound levels are valuable for garlic bulbing. The critical condition was cultivar
specific. Cv. G103 had improved bulb formation under the environments of 14 h–30◦C as compared to
other cultivars. Practically, photoperiod and temperature treatments must have substantial profitable
demand and value in improving garlic bulb production particularly in those months of the year when
days are naturally short. In addition, further studies are required to identify the genes regulating the
bulb development and related attributes under varied photoperiod and temperature regimes.
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