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Abstract: Condensed molasses soluble (CMS) has been reported to be rich in mineral nutrients
and organic matter. However, the potential of CMS as a new organic fertilizer for crops is poorly
understood. In this study, we explored the effects of CMS on seed germination, plant growth and
field production of Brassica napus through seed germination, hydroponics and field trials. The results
demonstrated that a small amount of CMS (0.05 g L™!) on the basis of normal nutrient supply
significantly increased plant biomass, root vigor and root development, and improved the superoxide
dismutase (SOD) activity of shoot at the seedling growth stage. Nevertheless, a high concentration of
CMS (0.2 g L!) inhibited plant growth, root development, the activities of peroxidase (POD) and
catalase (CAT), and elevated accumulation of malondialdehyde (MDA) in the shoot at the same stage.
In the field, exogenous application of CMS as well as chemical fertilizers increased seed yield up to
20% compared with chemical fertilization only. Collectively, our results conclude that the appropriate
amount of CMS could promote the growth and development of rapeseed at both seedling and mature
stages. Hence, CMS may be used as a new potential organic fertilizer for crop production in the future.

Keywords: condensed molasses soluble; oilseed rape; seed germination; vegetative growth; seed
yield; organic fertilizer

1. Introduction

Molasses is a primary by-product in the fermentation industry and can be used in the food
industry such as in distilleries and sugar and yeast production [1,2]. However, these processes generate
large amounts of wastewater. Molasses wastewater is characterized by a dark brown color and exhibits
a high content of substances that are recalcitrant in nature, such as melanoidins, and its pigment is
difficult to be degraded by microorganisms [3,4]. Moreover, the liquid waste of molasses is acidic,
with a pH of 3.5 to 4.5, and has a high concentration of organic materials and soluble, as well as high
biological oxygen demand (BOD) and chemical oxygen demand (COD) [3,5]. Due to the presence of
poorly biodegradable compounds, such as melanoidins, the treatment of molasses wastewater has
become an arduous task. However, molasses wastewater is rich in mineral elements including nitrogen
(N), phosphorus (P), potassium (K), calcium (Ca), sulfur (S), micronutrients and organic matter [6].
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Therefore, it is a challenge worldwide to use molasses wastewater legitimately, as it cannot be directly
disposed of in water bodies for the potential of being detrimental to the environment.

After anaerobic treatment, molasses wastewater still contains considerable nutrients in terms of
N, P, K and S, as well as micronutrients [7]. These nutrients are useful for crop production and could
partly replace chemical fertilizers required by crops as well [8]. Studies showed that molasses waste
has long been used to irrigate sugarcane directly and to generate remarkable economic benefits [6,9,10].
For example, irrigation with distillery effluent could directly increase crop yields, dry matter production,
total chlorophyll content and leaf area [6,11]. Condensed Molasses Soluble (CMS) is believed to have
an improved nutrient composition compared with that of standard sugar mill molasses [10]. CMS
is used as a compound fertilizer to economic crops [10,12]. It is reported that CMS can increase
the availability of N, P, K and organic matter in soil compared to chemical fertilizers, and finally
increase crop yield. For example, the amendment of CMS in sugarcane increased the emergence rate,
tillering rate, chlorophyll contents and yield compared with conventional fertilization, and resulted
in improved physicochemical properties of soil [13]. The direct application of CMS promoted the
growth of sugarcane during the seedling stage and the net photosynthetic rate without showing
any harmful effects. In addition, irrigation of sugarcane with CMS increased the activities of N
metabolism, polyphenol oxidase (PPO), peroxidase (POD), and catalase (CAT) as well as the contents
of chlorophyll, total N and water-soluble protein [14-16]. These results indicate that the application of
CMS is beneficial for crop production as well as for the physical improvement in soil structure and an
increase in the biological activity of beneficial micro-organisms [8-10].

Reactive oxygen species (ROS) are considered to be unavoidable by-products of aerobic metabolism
and play a multitude of signaling roles in different organisms [17]. Generally, ROS is composed of both
free radical and non-radial (molecular) forms. Various abiotic stresses, such as Al toxicity or salt stress
may result in the overproduction of ROS in plants, which could disrupt the homeostasis and normal
metabolism in cells by oxidizing lipids, proteins and nucleic acids, and eventually cause damage to
plant cells. However, higher plants have developed pathways and mechanisms to protect themselves
from ROS toxicity [18]. Plants can eliminate excessive ROS by enzymatic antioxidant systems including
a variety of scavengers, such as superoxide dismutase (SOD), CAT and dehydroascorbate reductase
(MDHAR), and non-enzymatic low molecular metabolites, such as ascorbic acid (ASH), glutathione
(GSH) and non-protein amino acids [18,19]. Among them, SOD decomposes O, into O, and H,O,,
and further oxidizes H,O, into O, and H,O by CAT and POD. Excessive ROS production leads to
oxidative damage and lipid peroxidation of membranes in the form of malondialdehyde (MDA), which
is the final product and an important hallmark for monitoring programmed cell death (PCD) [20].
It has been reported that large-scale application of organic fertilizer could induce the accumulation
of ROS, and thus inhibit the growth and development of crops [21]. For example, the application of
organic fertilizer could significantly increase the activities of SOD, POD and CAT, and decrease MDA
accumulation in Chinese cabbage [22]. In addition, the application of molasses wastewater plays some
roles in increasing the rate of development and tillering of sugarcane seedlings, by regulating the
antioxidant enzyme systems to reduced ROS damages [14,15].

Molasses wastewater can reduce the cost of fertilization, and promote the recycling of resources,
which has far-reaching significance in agriculture. In the past few decades, most of the studies focused
on the direct irrigation of molasses wastewater mainly in sugarcane production, whereas few studies
have discussed how molasses wastewater affects the growth of oil crops such as rapeseed. Oilseed
rape (Brassica napus L.) is an important oil crop cultivated worldwide. It is commonly used in animal
feed or as an oil source for humans. Thus, it is necessary to study the feasibility of molasses wastes as a
new type of organic fertilizer for B. napus as well as the application approaches. Keeping this in view,
the aims of this study were to investigate the effects of CMS on the growth, development, seed yield
and quality of B. napus, and to explore the feasibility and effective application of CMS in rapeseed
production through seed germination, hydroponics and field experiments.
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2. Materials and Methods

2.1. Plant Materials and Germination Trials

A rapeseed cultivar named “Zhongshuang 11” was used in this study. The nutrient concentrations
of the CMS are shown in Table 1. The germination trials were conducted by using five concentration
gradients of CMS including 0.02, 0.05, 0.10, 0.15 and 0.20 g L~!. The intact and uniform seeds
were soaked in different concentrations of CMS for 1-2 d and then sown in a pot covered by gauze.
After culturing in a controlled growth chamber for 5 d in the dark, seeds germination, seedling rate,
root length, plant height and plant biomass were measured and recorded.

Table 1. The concentrations of 15 mineral elements in Condensed Molasses Soluble (CMS).

Component Concentration (%) Component Concentration (mg kg~1)

N 2.38 Fe 54.32
P 0.5 Zn 340.12
K 5.95 Mn 50.64
S 0.59 Cu 5.1

Ca 0.51 Mo 0.07

Mg 0.7 B 0.06

Cl 6.73 Ni 0.02

Na 1.93

2.2. Hydroponic Experiments

The modified Hoagland’s nutrient solution (pH 5.8) was used for the hydroponic culture
experiment with different concentrations of CMS in this study [23]. The solution contained Ca(NOj3),
5.0mM, KNOj3 5.0 mM, KH,PO4 1.0 mM, MgSOy4 2.0 mM, H3BO3 46.0 uM, MnCl; 9.0 uM, CuCl; 0.3 uM,
ZnCl; 0.8 uM, NayMoOy4 0.32 pM and EDTA-Fe 50.0 uM. Firstly, the seeds were soaked into distilled
water overnight, then sown on gauze evenly. After 3-5 d, the uniform seedlings were transplanted
to plastic pots with a nutrient solution in day/night temperature cycle of 24/18 °C, 65-85% relative
humidity with a 14/10-h photoperiod (300-320 uM photons m~2 s7!). Then, 0.05 and 0.2 g L' CMS
were added to the solution. The nutrient solution was refreshed every three days. After 20 days’ growth
in two concentrations of CMS, the shoot and root of the plants were harvested for further analysis.

2.3. Field Trials

The field test was carried out at Huazhong Agricultural University, Wuhan, China.
The experimental field soil was yellowish-brown clay loam with pH 5.84 (1:5 soil:water suspension),
organic matter 12.99 g kg~!, total N 0.7 g kg ™!, exchangeable K 141.14 mg kg~! and Olsen-P 9.79 mg kg™
in the 0-20 cm soil profile and sampled before fertilization. The local farming mode is rapeseed-rice
cultivation rotation. Field management was performed following the local methods, such as spraying
100 mL ha~! 33% Pendimet for weeding. In this study, a total of 10 treatments were conducted and are
shown in Table 2. Generally, T1-T4 treatments had no chemical fertilizers, while normal fertilization
was used in T5-T10. Different amounts of CMS were applied in T2, T3, T4, T6 and T7 before sowing.
For T8-T9 treatments, 200 g m~2 CMS was applied at different growth stages. The amount of chemical
fertilizers applied for each treatment was calculated according to the following rates: N 180 kg ha~!;
P,05 90 kg ha™!; K,O 120 kg ha™!; borax 15 kg ha™!. K as potassium chloride and P as ordinary
superphosphate were applied before sowing, and N as urea was applied into splits as 108 kg before
sowing, 36 kg at the seedling stage and 36 kg at the bolting stage. The seeds of “Zhongshuang 11”
were sown at the end of September, and the plants were harvested at the beginning of the following
May. Planting was conducted using a randomized complete block arrangement with four replicates.
The individual plot area was 3.6 m?, with a length of 2.0 m and width 1.8 m. The seeds were sown
manually, and the sowing depth was 0.5-1.0 cm. Seeds were dibbled and row spacing was 0.25 m,
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0.2 m per hole and two-three seeds per hole. Samples were taken at the maturity stage to determine
the biomass, seed yield, yield-related traits and nutrient contents. The soils were sampled after harvest,
and organic matter and nutrient contents were examined.

Table 2. Nutrient application amount for the field trial of Brassica napus during the growth season.

Treatments CMS (g m~2) Normal Chemical Fertilizer CMS Application Period
T1 - - -
T2 50 - Before planting
T3 200 - Before planting
T4 500 - Before planting
T5 - + -
T6 50 + Before planting
17 200 + Before planting
T8 200 + Seedling stage
T9 200 + Bolting stage
T10 200 + Flowering stage

2.4. Determination of Plant Growth Parameters

After harvesting, the fresh weight of the above-ground parts of all samples was dried to constant
weight and weighed. Six traits at the maturing stage including plant height (PH), first primary branch
height (FBH), branch number (BN), pod number per plant (PN), seed number per pod (SNP), seed
weight (SW) and seed yield (SY) were measured and recorded as described previously [24]. In brief,
SY was recorded as the average seed dry weight of each individual. SW was measured based on 1000
fully developed seeds of each plant. SNP was counted as the average number of well-filled seeds
from 100 well-developed pods, which were sampled from the primary branch in the middle of the
harvested individuals. PN was the number of well-developed pods on each plant. BN was counted as
the number of primary branches arising from the main branch. FBH was measured from ground level
to the base of the lowest primary branch. PH was measured from the base of the stem to the tip of the
main shoot of each plant.

The root traits at the seedling stage were scanned with Epson Perfection V700 and the images
were analyzed by WinRHIZO Pro (Regent Instruments, Montreal, QC, Canada) to determine root
morphological parameters, including primary root length, lateral root number, lateral root length, root
surface area, root volume, and root diameter.

For the analysis of the chlorophyll contents at the seedling stage, fresh leaves (~0.1 g) were
sampled and taken into 2 mL centrifuge tube with 2 mL 80% acetone and 10 mg CaCO3, and then
extracted at 4 °C for 12 h in the dark. The content of chlorophyll was measured at wavelengths 645 and
663, using 80% acetone as a blank. The chlorophyll contents were corrected and calculated according
to the formula reported previously [25]. The details are as follows:

CthI‘Ophyll a = (12.72A¢¢3 — 2.69A445) X V/W x 1000 1

Chlorophyll b = (22.88A445 — 4.67Age3) X V/W x 1000. )

2.5. Determination of Root Vitality and Enzyme Activities in Plants

The content of MDA was measured according to the method reported previously [26]. Briefly,
1.0 g of fresh root and shoot were homogenized by mortar in 10 mL of 10% trichloroacetic acid (TCA)
and then centrifuged at 12,000 rpm for 15 min. After that, the supernatant was collected and incubated
in a water bath at 98 °C for 20 min. After cooling and centrifugation, the supernatants were used to
determine the absorbance at wavelengths of 450 nm, 532 nm and 600 nm, respectively. The MDA
contents were calculated according to the formula: MDA = 6.45(Ds3p — Dggg) — 0.56Dys0.
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For determination of the antioxidant enzyme activities, 0.5 g of fresh samples (root and shoot)
were homogenized with pre-cooled 50 mM phosphate buffer (pH 7.0) on ice and centrifuged at 4 °C
(13,000x g) for 20 min. The supernatant was used to measure the activity of SOD, CAT, POD and the
contents of soluble protein. The SOD activity was measured by the method reported by Beauchamp [27].
The activity of CAT was detected by the decrease in absorbance according to Aebi [28]. The POD
activity was assayed over 3 min at 470 nm by spectrophotometer and expressed as U g~! min~! [29].
The content of soluble protein was quantified according to the method described by Hachiya [30].

The modified triphenyltetrazolium chloride (TTC) method was used for the analysis of root vigor
according to Clemensson-Lindell [31]. In brief, 0.25 g sample was taken into a conical flask, and 5 mL
of 0.5% TTC and 0.1 M phosphate buffer (pH 7.5) was added, then mixed completely and incubated at
37 °C for 1 h. After incubation, 2 mL of 1 M H,SO4 was used to immediately stop the reaction. Tips
showing red color indicate active dehydrogenase.

2.6. Determination of Nutrient Contents in Plants

The harvested samples were digested with H,SO4-H,O; as described previously by Thomas [32].
Briefly, after the samples were dried to constant weight, about 0.1 g sample was taken into the digestive
tube (50 mL). Then, 5 mL of 98% H,SO,4 was added into the tube and kept overnight. The digestion
tube was put in the heating block and digested at 250 °C for 2 h with 5-10 drops of HyO,. The N and
P concentrations in the digested solution were analyzed using a flow injection analysis instrument
(FIAstar 5000 analyzer; FOSS, Hilleroed, Denmark). The K concentration in the digestion solution was
measured using a flame photometer (M-410, Cole-Parmer, Chicago, IL, USA). Nutrient accumulation
was calculated by multiplying the mineral concentration of each sample by the dry weight. Nutrient
use efficiency was the ratio of dry weight and nutrient accumulation. Nutrient use index was defined
as the ratio of dry weight and nutrient concentration.

2.7. Measurement of Nutrient Contents in Soils

After harvesting plants, soil samples were collected from the 0-20 cm depth at five randomly
selected locations and mixed as a composite sample at every experimental site. After the soils were
sampled, they were air-dried at room temperature and crushed to pass through a 1-mm sieve for
chemical analysis. The organic matter was analyzed according to the dichromate oxidation method,
total N was detected following the Kjeldahl acid-digestion method. The available P and available K
were measured according to the methods described by Sparks [33].

2.8. Statistical Analysis

All data were analyzed and processed by Microsoft Office Excel 2016 (Microsoft, Redmond, WA,
USA) and SPSS 22.0 software (IBM, Armonk, NY, USA). Graphs were generated by GraphPad Prism 7
(GraphPad Software, San Diego, CA, USA). Duncan’s test was used for all significant analysis. The
letters indicate the significance at p < 0.05 confidence level. Error bars represent standard deviation
(SD) values.

3. Results

3.1. Effects of CMS on Rapeseed Germination and Seedling Growth

To investigate the effects of CMS on the seed germination of rapeseed, seeds were treated with
five different concentrations of CMS, using double distilled water (ddH,O) as a control. Then, seed
germination rate was recorded during the first, second and third days after sowing. The results showed
significant differences under different CMS treatments (Figure 1). The germination rate under six
treatments were 63%, 45%, 40%, 55%, 33% and 58%, respectively, during the first day, while it was
the highest under 0.2 g L=} CMS condition compared to other treatments. However, the differences
between the six treatments were smaller with time. On the third day, the germination rate reached more
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than 90% under all the treatments (Figure 1B). No significant effects among different concentrations
of CMS were detected in rapeseed germination on the third day. To further illustrate the effects of
CMS on the growth of rapeseed seedlings, we analyzed the fresh weight, root length and elongation
(Figure 1C,D). The results showed that the root length was increased first and then decreased with the
increase of CMS concentration. The root length under 0.05 g L™! CMS was about 60% longer than that
under pure water and reached the highest. We found that the root growth rate showed significant
differences between ddH,O and other CMS treatments as well, except under 0.2 g L=! CMS, indicating
that CMS can promote the growth of rapeseed root at a low concentration. By analyzing the total
biomass (fresh weight) of rapeseed seedlings, we found that the application of CMS did not increase
the biomass. Instead, a high concentration of CMS (0.2 g L™!) inhibited the growth of rapeseed at the
early stage (Figure 1C).
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Figure 1. Effects of different concentrations of CMS on Brassica napus seedling growth (A), germination
(B), fresh weight (C) and root growth (D). 1d, 2d, 3d indicate 1, 2, 3 days after sowing. Different letters
indicate the significant differences at p < 0.05 by Duncan’s test. N = 10.

3.2. Effects of CMS on Biomass, Root Vigor and Root Morphology in Rapeseed

To further analyze the impact of CMS on rapeseed growth and the regulatory mechanism, we
investigated the performance of rapeseed grown under normal nutrient solution and two concentrations
of CMS (0.05 and 0.2 g L™!) in addition to nutrients in the solutions at the seedling stage. The results
showed that the addition of 0.05 g L~! CMS in normal nutrient solution significantly promoted the
growth of rapeseed compared with the control treatment. However, high concentrations of CMS
(0.20 g L™1) in the solution significantly inhibited the growth (Figure 2A,B). Subsequently, we analyzed
the root vitality of rapeseed under three conditions by TTC [31]. The results showed a deeper color in
the solution with 0.20 g L~! CMS than in the other two treatments, indicating higher root vigor in the
CMS conditions than in the control condition (Figure 2C,D). These results suggested that the addition
of CMS in the growth environment increased the root vigor of rapeseed. The higher concentrations of
CMS in the environment, the stronger the root vigor will be.
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Figure 2. Effects of different concentrations of CMS on rapeseed seedling growth (A), biomass (B) and
root vitality (C and D). Control (CK) is a full-strength Hoagland’s solution. Two concentrations (0.05
and 02 g L~1) of CMS were added to the Hoagland’s solution. Different letters indicate the significant
differences at p < 0.05 by Duncan’s test. Data are means + SD with four biological replicates.

In addition to the plant growth and root vigor, we analyzed root architecture of rapeseed seedlings
by WinRHIZO Pro, including total root length, primary root length, total root projected area, total
root volume, total root surface area, average diameter, number of root tips, number of crossings and
number of forks under different concentrations of CMS. We found that the total root volume, total
root length, total root surface area and total projected area of rapeseed significantly increased under
0.05 CMS but decreased under 0.20 g L=! CMS compared to that under control condition (Figure 3).
However, the primary root length showed a significant decrease with the increase of CMS, while
the root average diameter showed opposite results, indicating that exogenous CMS can inhibit the
elongation of primary root but make root thicker than only mineral nutrients treatment. Moreover,
there were no differences for the number of root tips, crossings and root forks under 0.05 g L~! CMS
treatment compared to that under control condition, but a significant decrease was observed for these
traits under 0.20 g L™ CMS compared to that under the other two treatments (Figure 3G).

3.3. Effects of CMS on Chlorophyll Content in Rapeseed at the Seedling Growth Stage

To further explore whether CMS affects photosynthesis in rapeseed leaves, we determined the
contents of chlorophyll a and chlorophyll b in the leaves under three treatments. The results showed
that CMS had no significant effects on the content of chlorophyll a and chlorophyll b in fully expanded
leaves, but the new leaves showed a significant decline on the chlorophyll content compared with that
under control condition (Figure 4). Thus, the exogenous application of CMS might reduce the content
of chlorophyll in the newly grown leaves and inhibited the photosynthesis of rapeseed.
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Figure 3. Effects of different concentrations of CMS on the root growth of Brassica napus. CK is a
full-strength Hoagland’s solution. Two concentrations (0.05 and 0.20 g L~1) of CMS were added to
the Hoagland'’s solution. (A) Primary root length; (B) Root average diameter; (C) Total root volume;
(D) Total root length; (E) Total root surface area; (F) Total root projected area; (G) Root tips, forks and
crossings; (H) Root architecture. Different letters indicate the significant differences at p < 0.05 by
Duncan’s test. Data are means + SD with four biological replicates.

3.4. Effects of CMS on the Regulation of Nutrient Absorption, Accumulation, and Utilization in Rapeseed

CMS contains a large number of mineral nutrients (Table 1). To analyze the effect of CMS on the
nutrient uptake and utilization of rapeseed during the seedling stage, we measured the concentrations
of N, P and K in shoot and root under three treatments, and calculated the accumulation and nutrient
use efficiency of the three elements. We found that there were no significant differences in the contents
of N, P and K in shoot among the three treatments, but the exogenous application of CMS increased the
concentrations of P and N in root compared to that under normal nutrient level (Figure 5). By comparing
the accumulation of nutrients in shoot and root of rapeseed under CMS environment with that under
normal nutrient condition, we found that the contents of N, P and K showed significant increase under
0.05 g L~! CMS but significant decline under 0.20 g L' CMS in the shoot of rapeseed. While in the root,
exogenous application of 0.05 g L~! CMS increased the nutrient accumulation as well. These results
indicated that exogenous CMS can promote the uptake and accumulation of P and N in rapeseed.
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Figure 4. The concentrations of Chlorophyll a (A) and b (B) in leaves of Brassica napus seedlings under
different CMS treatments. CK is a full-strength Hoagland'’s solution. Two concentrations (0.05 and
0.20 g L™1) of CMS were added to the Hoagland’s solution. Different letters indicate the significant
differences at p < 0.05 by Duncan’s test. Data are means + SD with four biological replicates.
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accumulation. Different letters indicate the significant differences at p < 0.05 by Duncan’s test. N = 6.
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We further analyzed the utilization efficiency and nutrient index in rapeseed and found that
there was no significant difference in both shoot and root of rapeseed (Figure 6). However, for the
utilization index of the shoot and root, we found that the low concentration of CMS significantly
increased the utilization index of N, P and K in the shoot and root of rapeseed compared with the
control condition. However, high CMS concentration reduced the nutrient use efficiency (Figure 6).
These results indicated that low concentrations of CMS increased nutrient utilization index and
promoted the growth and development of rapeseed without affecting the nutrient utilization rate, but
there were no positive effects or even negative effects under the high concentration of CMS.
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Figure 6. The use efficiency and use index of nitrogen (N), phosphorus (P) and potassium (K) in Brassica
napus under different CMS treatments. CK is a full-strength Hoagland’s solution. Two concentrations
(0.05 and 0.20 g L™!) of CMS were added to the Hoagland’s solution. (A) N use efficiency; (B) P
use efficiency; (C) K use efficiency; (D) N use index; (E) P use index; (F) K use efficiency. Different
letters indicate the significant differences at p < 0.05 by Duncan’s test. Data are means + SD with six
biological replicates.

3.5. Effects of CMS on Enzyme Activities in Rapeseed during the Seedling Stage

Plants have very efficient enzymatic antioxidant defense systems to protect plant cells from
oxidative damage by scavenging of ROS which controls many processes including plant growth and
development [19]. When supplied with different concentrations of CMS in the growth media, the
activities of SOD, CAT and POD showed obvious changes (Figure 7). High concentrations of CMS
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020¢g L) resulted in a decrease of CAT and POD activities and increased SOD activity in shoot
compared with the control condition. In the root, high concentrations of CMS inhibited the activity of
POD. However, at low concentrations of CMS (0.05 g L™1), there were no differences for the activities
of SOD, POD and CAT in both shoot and root compared with the full nutrient condition, except the
activity of SOD in the shoot, which showed a significant increase (Figure 7). As the concentration
of CMS was increased, the contents of MDA in shoot and root were all increased and reached a
significant difference at high concentrations of CMS in the environment. The results suggest that a
high concentration of CMS is not conducive to the growth and development of rapeseed, which may
cause serious damage to the plants.
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Figure 7. The enzyme activities and malondialdehyde (MDA) content in shoot and root of Brassica
napus under different CMS treatments. CK is a full-strength Hoagland’s solution. Two concentrations
(0.05 and 0.20 g L~!) of CMS were added to the Hoagland’s solution. (A) The CAT activity; (B) The
SOD activity; (C) The POD activity; (D) The MDA content. Different letters indicate the significant
differences at p < 0.05 by Duncan’s test. Data are means + SD with four biological replicates.

3.6. Effects of Exogenous Application of CMS on Rapeseed Growth at the Mature Stage

To further determine the effects of CMS on the growth and seed yield of oilseed rape at the mature
stage, 10 treatments including non-fertilization (T1), normal nutrient supply (T5) and eight treatments
with different concentrations of CMS were applied to the field at different rapeseed growth season
(Table 2). Clearly, compared to T1, exogenous application of CMS and chemical fertilizers improved
the growth performance of rapeseed (Figure 8; Table 3), but no differences were observed under low
concentrations of CMS (T2 and T3). A significant increase was detected under the high application of
CMS (T4) for seed yield and yield-related traits compared with T1 (Figure 8; Table 3). The seed yield,
branch number, pod number, seed number per pod and plant height were significantly higher than
that of non-fertilization treatment when applying CMS together with chemical fertilizers (T6-T10).
Applying CMS together with chemical fertilizers showed no significant changes in plant height, seed
weight, first primary branch height, branch number and seed number per pod compared with the
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normal chemical fertilization (T5) (Table 3). However, the above-ground biomass and seed yield
was increased with the increase of CMS application rate and reached the maximum at T8 treatment
(Figure 8). In terms of the application period, the effect was better at the seedling stage (T8) than
that of other periods. Compared with the normal fertilization treatment (T5), the seed yield and
above-ground biomass of T8 treatment were increased by about 20% (Figure 8). Moreover, exogenous
CMS application at bolting and flowering stages had no effect on rapeseed growth and yield formation
compared with normal chemical fertilizer application (Figure 8; Table 3).
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Figure 8. The above-ground biomass and seed yield of Brassica napus at the mature stage under different
CMS treatments. Ten different treatments (T1-T10) were conducted in the field trials. No fertilizer was
applied in T1 treatment. T2, T3, and T4 were treated with 50, 200, and 500 g m~2 CMS before sowing
without any chemical fertilizers, respectively. Normal chemical fertilization without any CMS were
applied in T5. For T6 and T7 treatments, chemical fertilizers together with 50 and 200 g m~2 CMS were
applied before sowing, respectively. For T8, T9, and T10 treatments, normal chemical fertilization was
applied, while 200 g m~2 CMS were applied at seedling, bolting, and flowering stages, respectively.
(A) Above-ground biomass; (B) Seed yield; (C) The rate of biomass increase; (D) The rate of yield
increase. Different letters indicate the significant differences at a p < 0.05 by Duncan’s test. Data are
means + SD from 16 individuals.

3.7. Effects of Exogenous Application of CMS on Rapeseed Nutrient Uptake at the Mature Stage

To further check the effects of CMS on nutrient uptake and distribution of rapeseed at the mature
stage, we measured N, P and K concentrations in different parts of rapeseed plants under five (T1,
T4, T5, T7 and T8) treatments, and calculated the nutrient accumulation in these parts. Generally, the
concentrations of N and P were higher in seeds than in husk and other parts of the rapeseed plants as
well as the nutrient accumulation. However, it showed the opposite trend for K concentration and
content (Figure 9). Small changes were observed for the nutrient uptake in each part of the plants
among all the five treatments tested. In seeds and husk, lower concentrations of N and P were detected
under T8 treatment than T1 treatment, but no difference was observed for K concentration (Figure 9).
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Table 3. Yield-related traits of Brassica napus under different treatments in the field trial.

Seed

Plant Height First Primary Branch Branch Seed Number
Treatments Weight (g) (cm) Height (cm) Number Pod Number Per Pod
T1 200+0.12a 134.19+20.86d 59.69 + 18.47 a 23+15¢ 1169 +19.2d 199+1.1cd
T2 1.95+0.05a 144.25+13.82cd 63.75+12.11a 38+1.0b 1479 + 164 cd 175+1.1d
T3 195+025a 143.31+1297cd 69.56 +9.67 a 39+12b 1263 +14d 174+ 14d
T4 193 +027a 156.31 +29.38 bc 63.06 + 12.65 a 53+19a 190.0 + 47.7 be 222 +1.3bc
T5 2.07+0.14a 170.38 +£16.22 ab 70.13 +11.70 a 54+14a 222.3 +19.5bc 250+ 0.5ab
T6 198 +0.02 a 171.75 + 13.62 a 63.56 + 18.76 a 60+16a 281.8 +25.8 ab 258 +05a
17 2.01 +£0.03a 173.88 + 16.05a 61.38 + 14.60 a 64+12a 329.6 £289a 222+ 0.8 bc
T8 1.99+0.26a 173.88 +8.02 a 63.69 + 1243 a 63+17a 340.1 £30.3a 244 +09ab
T9 2.04+0.18a 169.00 + 20.54 ab 70.25 + 16.10 a 57+14a 279.0 + 34.8 ab 238 +0.6 ab
T10 194 +0.05a 162.81 +32.95ab 68.38 + 13.59 a 54+15a 259.0 +28.6 b 244 +03ab
Different letters (a, b, ¢, d) within a column represent significant differences at p < 0.05.
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Figure 9. Mineral concentration in three parts of Brassica napus at the mature stage under different
treatments. Ten different treatments were conducted in the field trial. Among them, four treatments
were selected to investigate the nutrient concentrations. No fertilizer was applied in T1 treatment. T4
was treated with 500 g m~2 CMS before sowing without any chemical fertilizers. Normal chemical
fertilization without any CMS were applied in T5. For T7 treatment, chemical fertilizers together with
200 g m~2 CMS were applied before sowing. For T8 treatment, normal chemical fertilization was applied,
while 200 g m~2 CMS were applied at seedling stage. (A) N concentration; (B) P concentration; (C) K
concentration; (D) N accumulation; (E) P accumulation; (F) K accumulation. Different letters indicate
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the significant differences at a p < 0.05 by Duncan’s test. Data are means + SD from 16 individuals.
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3.8. Effects of Exogenous Application of CMS on Seed Oil Content and Quality of Oilseed Rape

To further detect the effect of CMS on oil content and quality of rapeseed seeds, we measured the
contents of oil, protein, glucosinolate, erucic acid and five other unsaturated fatty acids. Among all the
treatments, the lowest contents of glucosinolate, erucic acid and oil were detected in T1 treatment and
highest concentrations of glucosinolate and erucic acid were observed in T8 treatment (Table 4). T6
treatment significantly increased oil content but obviously decreased the protein content in comparison
to T1 (Table 4). The linoleic acid in T1 treatment was the highest among all the treatments and
significantly higher than that in T2, T3, T6, T7, T9 and T10 treatments (Table 4). Exogenous application
of CMS on the basis of chemical fertilizers did not affect seed quality and oil content.
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Table 4. The oil content and seed quality of Brassica napus under different treatments.

Treatments Oil Content Protein (%) Glucosinolate Erucic Acid Linolenic Linoleic Acid Stearic Acid Oleic Acid Palmitic Acid
(%) (%) (%) Acid (%) (%) (%) (%) (%)
T1 443+19Db 238+16a 325+3.1b 21+0.7b 10.6 £ 0.6 a 199+16a 1.5+0.2ab 60.8 + 2.3 ab 42+01a
T2 485+ 0.6 ab 20.7 + 0.3 bc 36.7 +2.4ab 27+13Db 10.6 £ 0.8 a 153 +0.8b 1.1+01b 659+21a 37+02b
T3 482 +24ab 20.8 + 1.7 bc 357+3.1ab 22+12b 103 +0.6a 156 +£29b 1.3+0.4ab 653+28a 3.8+04ab
T4 455+ 3.4 ab 222 +24ab 36.1+22ab 1.1+06b 101+11a 17.8 £ 0.8 ab 1.6+02a 62.5+1.9ab 41+01a
T5 473 +28ab 19.5+2.0bc 371+54ab 23+21b 9.7+08a 164+ 1.6 ab 1.6+03a 647 +27a 41+03ab
T6 498+24a 187+11c 36.5+1.2ab 3.5+2.1b 9.6+0.7a 148 £25b 1.2+0.1ab 664+15a 37+04ab
T7 474 +39ab 20.2+2.1bc 342 +22ab 47+51b 9.8+0.7a 150+2.0b 1.3+0.3ab 62.4+7.0ab 39+04ab
T8 49.0+21ab 20.1+ 1.6 bc 403 +8.0a 92+44a 9.7+06a 16.2 £ 3.5 ab 14+0.3ab 571+85Db 40+03ab
T9 482 +28ab 20.0+1.2bc 33.5+0.3ab 27+07b 9.7+08a 16.0+£2.8b 1.2+0.3ab 66.6+1.8a 39+0.1ab
T10 48.6 +4.3 ab 20.2 + 2.3 bc 36.0 + 5.6 ab 28+15b 101+09a 157 +£3.6b 1.1+01b 652+32a 40+03ab

Different letters (a, b, ¢, d) within a column represent significant differences at p < 0.05.

15 of 20
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3.9. Effects of CMS on Soil Fertility

After exogenous application of CMS, we sampled the soil and measured the contents of organic
matter, total N, Olsen-P and available K in it. Among the 10 treatments, the highest content of organic
matter (19.9 g kg™!) was observed in T7, while the lowest (14.1 g kg~!) was observed in T1 (Table 5).
The content of total N in T7 was 1.4 g kg™!, the highest among all the treatments, T1 showed the lowest
value (1.2 g kg™!). Similar results were observed for the content of available P. In terms of K content, the
highest value was detected in T4 among all the treatments, about 290.2 mg kg~!, which was significantly
higher than any other treatments; T5 treatment showed the lowest available K (175.5 mg kg™!).

Table 5. The contents of organic matter and mineral nutrients in soils under different treatments.

Treatments Orga(r;/;(gf)latter Total N (g/kg) Olsen-P (mg/kg) A‘(’;ilga/i:) K
T1 141 +5.1 1.2+0b 11.1+ 0.6 194.1 £ 21.5bc
T2 162+24 1.2+0.1ab 11.6+27 199.0 £ 11.7 bc
T3 184 +5.1 1.3+0.1ab 122 +29 2284 +36.1b
T4 16.8 +2.5 1.3+0.1ab 126 +4.1 290.2 £ 50.6 a
T5 146 +15 12+0.1ab 14.1 + 3.8 1755+193 ¢
T6 183 +29 1.3+0.1ab 13.6 +34 191.2 £ 24.0 bc
T7 199 +37 14+02a 143+ 2.8 2343 +339b
T8 172+ 45 1.3+0.2ab 12.7 +3.7 214.7 £ 22.5bc
T9 16.0 +2.2 1.2+0.1ab 122+ 6.2 216.7 + 9.3 bc
T10 16.1 £ 2.1 1.3+0.1ab 123+ 49 2333 +224b

Different letters (a, b, ¢, d) within a column represent significant differences at p < 0.05.

4. Discussion

Organic fertilizer contains large amounts of inorganic and trace elements that can be directly
absorbed by crops. It can also serve as the source of nutrients, such as amino acids, amides and
phospholipids. In addition, humic acid, cellulose and other substances in organic fertilizer can improve
nutrient utilization. Besides its nutritional role, organic fertilizer can improve the physical and chemical
properties of soil, and promote microbial activities. It has been reported that the application of organic
fertilizers could increase plant yield and crop nutrient utilization [34,35]. For example, cover cropping
with organic fertilizer can significantly increase rapeseed yields and reduce fertilizer application
rates in B. napus without compromising yields [34]. Thus, organic fertilizer is gaining importance in
agriculture [22,34,35]. Food industries such as distilleries, sugar and yeast production generate large
volumes of high strength wastewater that is of serious environmental concern. Molasses wastewater
is characterized by extremely high COD and BOD, apart from low pH, strong odor and dark brown
color [36]. However, CMS contains large amounts of mineral elements and organic matter which may
be useful for agricultural production [6,7]. Despite the drawbacks of CMS, there are numerous reports
which showed the safe application of CMS as an organic fertilizer without any harmful effects on the
environments [6,9,11]. Thus, it is of significance to investigate the effects of exogenous application of
CMS on the growth and development of rapeseed.

The phytohormones, including abscisic acid, gibberellin, ethylene and salicylic acid, can influence
germination. Besides these phytohormones, a number of diverse germination stimulants are known
to be involved in germination stimulation [37]. For example, some nitrogen-containing compounds
including nitric oxide (NO), nitrite (NO, ") and nitrate (NO3") can reduce seed dormancy [38]. While these
processes crosstalk with each other to improve dormancy release and seed germination [39]. Soaking
plant seeds with an appropriate concentration of salicylic acid can improve the germination rate [40].
However, our experiment showed that the application of CMS had no significant effects on the seed
germination rate of B. napus, but low concentrations of CMS could promote root elongation for the
young seedlings (Figure 1). These results indicated that CMS had a positive regulatory effect on root
growth at the very early stage of plants, which may contribute to the seedling growth.
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In the present study, exogenous addition of 0.05 g L™! CMS to the normal nutrient solution
promoted the growth and development of rapeseed seedlings, whereas 0.20 g L~! CMS in the nutrient
solution inhibited the growth (Figure 2), indicating that the dosage is vitally important. Furthermore,
we found that the low concentration of CMS promoted the development of the root system, root vigor
and nutrient use index at the seedling stage (Figure 3; Figure 6). ROS can be produced continuously
as byproducts of various metabolic pathways. It can damage plant cells, and also acts as a signaling
molecule [18]. In this research, we investigated the activities of SOD, CAT and POD, all of which work
as ROS detoxifying proteins. The results showed that the activity of SOD was increased significantly in
the shoot with the increase of CMS concentration, but there was no significant difference in root under
three treatments. In terms of CAT and POD, there was no difference among all the treatments (Figure 7).
MDA is an important indicator of ROS production. The content of MDA in plants could be used to
reflect the degree of lipid peroxidation and the extent of plant damage [19,20]. Therefore, we further
examined MDA contents at the seedling stage under three treatments. The results showed that MDA
contents were higher under 0.20 g L=! CMS condition compared to control condition in shoot and
root, but no difference was observed between 0.05 g L™ CMS and normal nutrient supply (Figure 7D),
indicating increase of oxidative damage under high amount of CMS application but no effects under
low concentration. In addition, root development was significantly induced by low concentrations of
CMS, but inhibited largely by high concentrations of CMS with the symptom of necrosis (Figure 3), but
the root vigor was significantly increased with the increase of CMS concentrations (Figure 2). Taken
together, these results suggested that the application of low concentrations of CMS could promote
shoot and root growth, and increase root vigor and nutrient use index, but have opposite results under
high concentrations of CMS.

After applying organic fertilizer to the soil, CMS can effectively improve the physical and chemical
properties, biological characteristics and soil fertility [22,34]. The application of organic fertilizers
can increase crop yield and N use efficiency [35]. To further test the effects of CMS on the seed
yield and quality of rapeseed, we conducted the field trials with 10 treatments. Our results showed
that fertilization significantly increased seed yields of rapeseed as well as the above-ground biomass
(Figure 8). Exogenous application of CMS at the seedling stage on the basis of chemical fertilization
improved the growth and yield of up to 20% compared to chemical fertilization only. However, the
promotion effects were not as clear when applying the same amount of CMS at other growth stages
including bolting and flowering stages, indicating that the effects of CMS fertilizer were significantly
affected by the application period. Molasses is rich in mineral elements and is often used primarily as a
source of K, due to containing high concentrations. Moreover, it has other significant advantages such
as increasing organic matter in the soil and microbial activity associated with nitrification [9,10]. In this
study, we further examined the contents of organic matter, N, P and K in soils after application of CMS.
Higher contents of organic matter were observed after exogenous application of CMS than that under
non-fertilization or chemical fertilization only, but the differences were not significant among them
(Table 5). In terms of K, it showed a significant increase by the application of high levels of CMS, which
again confirmed the role of CMS as a source of K fertilizer.

5. Conclusions

Condensed molasses soluble (CMS) on the basis of chemical fertilization could significantly
enhance the growth of rapeseed, which is an important oil crop worldwide, at both seedling and
ripening stages, and eventually increases yield without affecting seed oil content and quality. With the
application of the same amount of CMS at different growth periods, we found that the final yield
was only increased in the case of applying CMS as base fertilizer or at the seedling stage. High
concentrations of CMS might induce the production of ROS, which causes damage in plants, while
low concentrations of CMS could promote the growth of oilseed rape by stimulating root growth and
nutrient use efficiency. Therefore, CMS could be used as organic fertilizer in rapeseed production.
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