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In this study, straw was degraded continuously for 150 days under one of 
three levels of relative air humidity (RH) (90%, 60%, or 30%) to estimate 
the effect of humidity on straw biodegradation. Moreover, straw was 
treated with ultraviolet (UV)-A irradiation + 90% RH for 180 days to 
evaluate the interaction between photodegradation and biodegradation. 
The effects of 30% and 60% RH on straw degradation was 
inconspicuous. Straw mass losses at 90% RH and UV-A + 90% RH were 
18.5% and 39.1%, respectively. BIOLOG analysis showed that 
filamentous fungi played a major role in straw biodegradation. 
Thermogravimetric analysis showed that treatment with UV-A + 90% RH 
tended to increase the maximum pyrolysis rate and decreased the initial 
pyrolysis temperature. Compared with 90% RH, infrared spectra analysis 
showed that functional groups of UV-A + 90% RH treatment, e.g., –CH, –
C=O, and the benzene ring structure, clearly decreased. Straw-
degrading bacteria were observed by scanning electron microscopy at 
the beginning and end of UV-A + 90% RH treatment. Results highlight 
the role of humidity in the degree of straw biodegradation by filamentous 
fungi. Straw degradation is accelerated by the combined action of 
photodegradation and biodegradation under high UV-A irradiation and 
high humidity. 
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INTRODUCTION 
 

The degradation of crop residue has been shown to be closely associated with the 

global carbon cycling (Smith et al. 2010; Liu et al. 2014). In recent years, the 

relationships between environmental factors such as moisture, ultraviolet irradiation, 

atmospheric carbon dioxide, temperature, and degradation of crop residue has been given 

more and more attention (Schade et al. 1999; Austin and Vivanco 2006). In most models, 

built around the above-mentioned drivers, micro-biological degradation and 

photodegradation have been considered to be the most efficient pathways for the 

degradation of lignocellulosic materials (Zepp et al. 2007; Uselman et al. 2011). 

Lignocellulosic materials are full of carbonaceous compounds, such as cellulose, 

hemicellulose, lignin, and dissolved organic matter (Smith et al. 2010; Liu et al. 2015). 

These carbon-containing compounds are utilized as carbon sources in the metabolic 

process of biomass-degrading microorganisms in the environment. With a change in the 

quantity, activity, and functional diversity of the microbial community, obvious mass 

losses in lignocellulosic materials have been observed during biodegradation. A wide 
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variety of enzyme systems are generated during microbial metabolism, which plays a 

crucial role in the degradation process (Wihan 2007; Buraimoh et al. 2015; Mohanram et 

al. 2015). Compared with the biodegradation of crop residue, which is mostly driven by 

straw-degrading microorganisms, the exact process of photodegradation has not been 

clearly expounded (Baker and Allison 2015). In general, lignin is considered to be 

resistant to environmental microorganisms during biodegradation, but it is susceptible to 

ultraviolet (UV) radiation with diverse wavelengths. Much early research suggests that 

many functional groups in lignin, e.g., carboxide, phenylbenzene, aldehyde group, and 

conjugated double bonds are capable of absorbing ultraviolet radiation and reacting with 

active oxygen as the main promoter of photodegradation (Lanzalunga and Bietti 2000; 

Austin and Ballaré 2010; Rosu et al. 2010). In addition, a free radical mechanism of 

photo-induced oxidation of lignocellulosic materials was shown to involve a chain 

reaction in the liquid phase (Malešič et al. 2005). Early studies suggested that a variety of 

carbon-centred free radicals are formed with the extension of ultraviolet irradiation, to 

which the addition of oxygen forms peroxyl radicals. Hydrogen was abstracted by 

peroxyl radicals to form hydroperoxides. Exposed under conditions of increased 

ultraviolet radiation may result in homolytic degradation of hydroperoxides, yielding 

various active hydroxyl free radicals. Due to the high activity of hydroxyl free radicals, 

hydroxyl radicals react with carbonaceous compounds and abstract hydrogen atoms 

bonded to them (Bailey 1985; Kolar 1997; Malešič et al. 2005). Cellulose and 

hemicellulose are degraded by free radicals and active oxygen after the degradation of 

partial lignin (Gould 1982; King et al. 2012; Li et al. 2016). 

Considerable research has shown that degradation is affected by experimental 

conditions (time, environment, and location) and material properties (type and 

composition) (Schade et al. 1999; Brandt et al. 2007; Day et al. 2007; Kirschbaum et al. 

2011). In general, when crop residue is exposed to increased UV radiation under dry 

conditions, the photodegradation of biomass materials is primarily driven by UV 

irradiation through direct or indirect photolysis. In wet environments, biodegradation 

plays a more important role in the decomposition of lignocellulosic materials than 

photodegradation. Previous studies have shown that pretreatment with UV irradiation can 

promote microbial availability. However, the interaction between photodegradation and 

biodegradation of biomass materials under special environmental conditions with high 

UV irradiation and high moisture have not been fully elucidated. 

A great deal of research has indicated degradation behaviors of biomass under soil 

burial or waterlogged conditions with UV supplementation (Fujii et al. 2014). Smith et al. 

(2010) found that the effect of UV irradiation on litter decomposition was dependent on 

the moisture availability. Liu et al. (2014) exposed waterlogged straw powder to UV 

irradiation and found that the effect of photodegradation on straw degradation was 

negative under wet conditions. However, few researchers have examined the degradation 

behavior of lignocellulosic material under different levels of relative air humidity (RH). 

Additionally, the action mechanism of biodegradation and photodegradation of biomass 

materials in moist conditions with UV supplementation has not been fully understood 

(Rozema et al. 1997; Lanzalunga and Bietti 2000). 

The objective of this paper was as follows: (i) to examine biodegradation under 

different levels of relative air humidity; and (ii) to ascertain the interactive mechanism 

between photodegradation and biodegradation on the decomposition of lignocellulosic 

materials in moist conditions with UV-A supplementation.  
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EXPERIMENTAL 
 

A straw decomposition experiment was set up using four different conditions: 

30% RH (T1), 60% RH (T2), 90% RH (T3), and UV-A + 90% RH (T4).  

 
Materials 

Rice straw was obtained from Nanjing in Jiangsu Province, China. The straw was 

partially cut into 20-cm pieces (for T4) and ground into 0.15-mm pieces for the relative 

air humidity treatments (T1, T2, and T3); then, it was oven dried at 55 °C for 48 h. 

 

Methods  
Straw degradation under different levels of air relative humidity (T1, T2, and T3) 

In this experiment, different levels of relative air humidity were controlled by the 

saturated salt solution. At an ambient temperature of 30 °C, the solubilities of magnesium 

chloride (MgCl2), sodium bromide (NaBr), and potassium nitrate (KNO3) in water are 

55.8 g, 98.4 g, and 45.8 g, respectively. The different levels of relative air humidity 

controlled by MgCl2, NaBr, and KNO3 in this study were 32.4% (± 0.56%), 56.0% (± 

0.93%), and 92.3% (± 1.82%), respectively. Two liters of double-distilled water were 

added to a beaker and then heated to boiling. Excessive inorganic salt was added in 

batches and heated to dissolve. Then, the pellucid solution was poured into a vacuum 

shelf drier. The screened straw (20.0 ± 0.49 g) was added to the culture vessels (D = 12.0 

cm). Then, the culture vessels were put into the vacuum shelf drier. All the containers 

were laid in an artificial climate box (MRC-300B, Ningbo Prandt Instrument Co., Ltd, 

China). The selected ambient temperature was 30 °C (± 0.81). The relative air humidity 

in each vacuum shelf drier was monitored regularly throughout the experiment. The 

samples were treated for 150 days, after which the culture vessels were taken out for 

subsequent analysis. 

 

Straw degradation under UV-A + 90% RH (T4) 

The UV-A irradiation experiment was conducted in a UV generator (ZW-P, Yishi 

Co., Shanghai, China) for up to 180 d. The straw stems were tied to an iron plate (10 cm 

× 20 cm) vertically. Each plate was placed at a 45-degree angle to the ground in the UV 

generator. For this study, the radiation power was constant, at 1.5 KW/m2, and the UV-A 

wavelength was 315 nm. Subsequently, the potassium nitrate saturated salt solution was 

poured into the UV generator. Ambient temperature (30 ± 2.3 °C) and relative air 

humidity (92.3% ± 1.4 RH) were continuously maintained and monitored by a 

hygrothermograph (JR593, Anymetre Instrument Co., Ltd., Guangzhou, China). The 

samples were removed and analyzed at each sampling date. 

 

Analytical Methods 
Mass loss 

The straw mass under different conditions was recorded regularly. Samples were 

taken out and oven-dried at 55 °C to constant weight. The mass remaining (R) was 

calculated by Eq. 1, 

R = Wt / W0 × 100%        (1) 

where W0 is the weight of the straw before testing and Wt is the mass of treated straw at 

sampling date t. 
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Chemical composition 

The concentrations of cellulose, hemicellulose, and lignin were determined by the 

Van-Soest method (Brandt et al. 2007). Dissolved organic carbon (DOC) and nitrogen 

(N) levels in the straw were quantified by the following method: 1 g of screened straw 

samples (0.15 mm) was poured into double-distilled water (50 mL) and then shaken for 

up to 5 h (180 rpm). Next, the tubes were centrifuged for 20 min at 4000 rpm. The 

supernatant was separated from a 0.50-mm film filter after standing for 20 min. The 

liquid was analyzed by an elemental analyzer (Multi N/C 3100 Analyzer, Analytik-Jena 

Group, Jena, Germany) (Song et al. 2011; Li et al. 2016). The contents of potassium (K) 

and phosphorus (P) were recorded by flame photometric analysis and spectrophotometry, 

respectively (Song et al. 2012). 

The concentration remaining (R) in the chemical composition analysis was 

estimated using Eq. 2, 

R = (Wt × Ct) / (W0 × C0) × 100%      (2) 

where W0 is the weight of straw before testing, C0 is the initial concentration in the straw, 

and Wt and Ct are the weight and concentration of tested straw at sampling date t, 

respectively. 

 

Thermogravimetric analysis 

Thermogravimetric analysis (TGA; SII-7200, Hitachi Limited, Tokyo, Japan) was 

used to study the pyrolysis of the initial and final samples. Sieved samples (0.15 mm) 

were oven-dried and immediately used for the pyrolysis experiment. 

 

Fourier transform infrared spectroscopy (FTIR) 

The effect of T3 and T4 on the functional groups in straw was studied by FTIR 

(J200, Thermo Fisher Scientific, Waltham, USA). The samples were taken out at each 

sampling time and screened (0.15 mm), then oven-dried until constant weight.  

 

BIOLOG microplate assays 

The change in functional diversity of microbial communities in the straw was 

recorded by the BIOLOG plate technique. A total of 5 g of treated samples was collected 

from each sampling date and added into 45 mL of sterilized water immediately; then, the 

samples were shaken for 20 min (220 rpm). After being left to stand for 30 min, the 

supernatant (1 mL) was used for gradient dilution, and the final concentration of cell 

suspension was 10-3 g/mL (Garland and Mills 1991; Choi and Dobbs 1999). 

Organism suspension (125 µL per well) was added to different types of 

microplates (ECO plates and FF plates) (P-96-450R-C, Genestar Limited, Shanghai, 

China), and ampicillin and streptomycin (50 µg/mL) were added to the FF plates to 

inhibit the growth of bacteria. The two types of plates were used for the study of the 

functional diversity of bacteria and filamentous fungi in the environment, respectively. 

The incubation temperature was 28 °C. The average well color development (AWCD) 

was read every 24 h at 578 nm and 490 nm. The values of AWCD were estimated using 

Eqs. 3 and 4, respectively: 

AWCDECO =∑ (Cit- C0t) / 31       (3) 

AWCDFF =∑ (Cit- C0t) / 95                                               (4) 
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where Cit and C0t are the absorbance of the sole carbon source and the control at time t. 

The Shannon-Wiener Diversity Index (H) was estimated using Eq. 5, 

H = -∑ (Pi × lnPi)                                                                        (5) 

where Pi = (Ci-R) / ∑(Ci-R), Ci is the absorbance of the sole carbon source well in the 

plate, and R is the absorbance of the control well. 

Scanning electron microscope analysis 

Scanning electron microscopy (SEM; EVO MA, Carl Zeiss Shanghai Co. Ltd., 

Shanghai, China) was used to study the surface morphological changes in the samples. 

Each specimen was gold plated for 60 s in a sputter-coater (ETD-2000, Beijing Elaborate 

Technology Development Ltd., Beijing, China), the coating thickness was about 10 nm. 

 

Statistical analyses 

Data were analyzed using the Software Statistical Package for Origin Pro 

(Version 9.0, OriginLab, Northampton, USA) and SPSS (Version 22.0, SPSS Inc., 

Chicago, IL). 

 

 
RESULTS AND DISCUSSION 
 

Mass Loss 
The total straw mass losses for T1 and T2 were 3.7% and 5.7%, respectively (Fig. 

1a). The straw mass for T3 decreased more obviously, by 18.5%. Under the conditions of 

T3, mass loss was negligible at the beginning of the treatment (30 d). The maximum 

degradation rate occurred during days 30 through 60. Mass loss during this period 

increased by 17.1%, which accounted for 92.4% of the total. The effect of biodegradation 

on straw degradation was inconspicuous during the last 50 days. T4 caused a drastic mass 

loss of 39.1% during the whole experiment, more than twice the mass loss of T3 (Fig. 1b).  

 

 
 

Fig. 1. Mass remaining of straw samples at each sampling date. (a) Mass remaining of 30% RH, 
60% RH, and 90% RH. (b) Mass remaining of straw treated by UV + 90% RH  
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Under the condition of 90% RH, environmental microorganisms experienced a 

short adjustment period from days 0 to 30. Mass loss in this period was inconspicuous. 

During the subsequent 70 days, straw-degrading microorganisms entered an exponential 

growth phase. The maximum rate of degradation occurred in this 70-day period, which 

may be due to the abundant straw-degrading enzyme systems that were generated with 

the metabolism of straw-degrading microorganisms. Favorable conditions started to 

deteriorate after day 100. As a result, environmental microorganisms went into an 

apoptotic phase after day 100, and the straw decomposition rate gradually decreased until 

it was stable. Li et al. (2016) exposed dry rice straw to increased UV-A irradiation and 

found that long-term radiation decreased the straw mass by 5%. The mass loss of 39.1% 

provides strong evidence that degradation was accelerated both by photodegradation and 

biodegradation. 

 

Elemental Characterization 
Different treatments caused noticeable change to the elemental composition of 

straw. Compared with the control, organic carbon in T3 and T4 decreased by 9.8% and 

13.9%, respectively. The concentration of nitrogen increased by 35.2% under the 

condition of UV-A + 90% RH, which was 1.7 times and 10.3 times the increase in straw 

N concentration at 90% RH and 60% RH, respectively. The value of straw C/N reduction 

for different conditions followed the order: T4 > T3 > T2 > T1. The C/N of T4 and T3 

decreased by 36.2% and 25.2%, respectively. Straw phosphorus and potassium of T4 

decreased dramatically, by 64.3% and 81.0%, respectively. 

 
Table 1. Initial and Final Concentration of Elements in Straw (mean ± SD, n = 3) 

Treatment C (%) N (%) P (%) K (%) C:N 

Initial 48.9 ± 1.87a 0.88 ± 0.05c 0.14 ± 0.03a 1.26 ± 0.05a 55.6 ± 2.21a 

 
150 d 

T1 48.1 ± 0.36a 0.88 ± 0.03c 0.14 ± 0.03a 1.18 ± 0.03b 54.7 ± 2.95a 

T2 47.2 ± 1.05a 0.91 ± 0.04c 0.13 ± 0.02a 1.01 ± 0.02c 51.9 ± 2.00a 

T3 44.1 ± 1.41b 1.06 ± 0.06b 0.08 ± 0.03b 0.81 ± 0.03d 41.6 ± 1.15b 

180 d T4 42.2 ± 1.15b 1.19 ± 0.04a 0.05 ± 0.00b 0.24 ± 0.03e 35.5 ± 0.87c 

 

Straw Chemical Composition Analysis 
The concentration of straw hemicellulose showed the most obvious change under 

the condition of T3, a decrease of 15.7% throughout the experiment. Cellulose and lignin 

decreased by 11.1% and 5.3% under the condition of 90% RH, respectively (Fig. 2a). The 

degradation rate of lignocellulose was negligible during the first 40 days of T3. From day 

40 onward, hemicellulose was first degraded quickly, and cellulose showed a relatively 

low degradation rate at the same time. During the subsequent 60 days, the mass loss of 

hemicellulose and cellulose accounted for 65.7% and 59.3% of the overall weight loss, 

respectively. The effect of humidity treatments on lignin degradation was unnoticeable 

throughout the experiment. Figure 2a shows that the content of DOC first decreased to 

the minimum and then increased as the experiment went on. During the first 60 days of 

T3, DOC was reduced from 62.8 to 54.2 mg/g. The DOC content was 70.3 mg/g at the 

end of the experiment, a 12% increase. 

DOC was the main carbon source of the lignocellulose-degrading microorganisms 

at the beginning of the experiment. After 60 days, lignocellulose was partially broken 

into lower-molecular weight organic matter with the exponential growth phase of 
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microbes, which counteracted the decline of DOC to a certain degree (Gallo et al. 2006). 

The contents of cellulose, hemicelluloses, and lignin drastically decreased, by 21.6%, 

16.8%, and 44.9%, respectively, throughout the T4 treatment (Fig. 2b). Lignin was 

degraded faster than cellulose and hemicellulose. The degradation rate of cellulose and 

hemicellulose increased rapidly after 30 days. It is worth noting that the degradation rate 

of cellulose exceeded the degradation rate of hemicellulose after 60 days. The DOC 

content decreased from 62.8 to 51.62 mg/g in the first 50 days. During the subsequent 60 

days, the DOC concentration increased to 65.93 mg/g. DOC content decreased after day 

110, and the final concentration was 49.41 mg/g.  

 

  
Fig. 2. Holocellulose remaining in straw samples: (a): 90% RH; (b): UV-A+ 90% RH. The error 
bars indicate standard deviation (n = 3). 
 

As a result of utilization by straw-degrading microbes, the DOC concentration 

decreased drastically during the first 50 days of treatment. Most of the lignocellulose was 

degraded into a variety of small-molecular weight substances (Gallo et al. 2009; Grote et 

al. 2010). Lignin, as a polyphenolic compound, was degraded in a variety of ways with 

UV-A irradiation, such as the breaking of chemical bonds between lignin monomers and 

the rupture of benzene rings (Brandt et al. 2010; Smith et al. 2010). Cellulose and 

hemicellulose, surrounded by lignin, were then exposed to UV radiation and plentiful 

cellulolytic and hemicellulolytic enzymes as the lignin degradation progressed (Brink et 

al. 2014; Laothanachareon et al. 2015). As a result of the partial degradation of 

lignocellulose, the concentration of DOC increased from days 50 to 110. Compared with 

hemicellulose, a relatively high degradation rate of cellulose (in conditions T4) after day 

60 was consistent with the published values (Li et al. 2016). In contrast to the 

biodegradation of hemicelluloses for T3, the degradation of lignin was the main reason 

for the mass loss of straw of (in conditions T4), which indicated that photodegradation 

played a major role in the degradation of straw under a high-UV-A irradiation and a high-

humidity environment. Although increased UV-A irradiation depressed the growth of 

microbes, the utilization of DOC at the beginning and end of the experiment implied that 

biodegradation still played an important role. 
 

Thermogravimetric Analysis 
The mass losses of the control, T3, and T4 samples during pyrolysis were 76.4%, 

74.7%, and 70.8%, respectively (Fig. 3a). The temperature interval of the T3 samples was 
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enlarged, which is contrary to the variation of the samples in conditions T4. Treatment 

with 90% RH decreased the maximum pyrolysis rate and increased the maximum weight 

loss temperature from 350 to 380 °C. The maximum pyrolysis temperature of T4 samples 

was 339 °C. The derivative thermogravimetry (DTG) curves showed that the maximum 

reaction rate of the control occurred at approximately 332 °C, and the temperatures of the 

maximum pyrolysis rate for T3 and T4 were 355 and 320 °C, respectively (Fig. 3b). 

The pyrolysis process in straw started at approximately 200 °C, and the mass loss 

of straw before this stage was due to the loss of bound moisture (Zeng et al. 2011). The 

degradation of hemicellulose was the main reason for the mass loss of straw under the 

humidity treatments (Fig. 2a), which caused an increase in the relative concentration of 

lignin in straw. The enlarged temperature interval of T3 was in relation to the relatively 

high concentration of lignin (Qu et al. 2015). 

Contrary to the humidity treatment, cellulose, hemicelluloses, and lignin were all 

degraded drastically under the conditions of UV-A + 90% RH (Fig. 2b). The combined 

action of photodegradation and biodegradation caused not only the further degradation of 

straw but also an increase in mass loss and strengthening of the pyrolysis reaction (Fig. 

3a). This is the main reason why the maximum reaction rate and the lowest energy 

consumption occurred in the pyrolysis of T4. 

 

 
 

Fig. 3. Thermogravimetric analysis of control, 90% RH, and UV-A + 90% RH. (a) Mass losses of 
straw samples in the pyrolysis. (b) Derivative thermogravimetry curves of samples during the 
pyrolisis. Nitrogen atmosphere (flow rate: 20 mL/min). Temperature rate was 25 °C/min. 

 

Fourier Transform Infrared Analysis 
Figure 4 shows the infrared spectroscopy analysis of T3 and T4. The weaker peaks 

of T3 at 2900 and 1740 cm-1 were caused by the biodegradation of cellulose and 

hemicellulose, respectively (Fig. 4a). Compared with the control, the peaks near 1240 and 

1030 cm-1 showed a small reduction. This indicates that lignin in the straw was degraded 

by the microorganisms under the conditions of 90% RH. 

The strong absorption peaks of T4 samples at approximately 3350 and 2900 cm-1 

were caused by the stretching vibration of hydroxyl group (-OH) and aliphatic 

hydrocarbons (C-H), respectively (Fig. 4b). Compared with the control, absorption value 

in the two bands of T4 showed obvious changes. The peak symmetry was almost the 

same, but the transmittance decreased, which belonged to decline of the characteristic 

absorption of the hydroxyl group and aliphatic hydrocarbons, respectively. The peak at 

1740 cm-1 was dominated by the carbonyl group (C=O). The decline of the peak at this 
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band was caused by the degradation of hemicellulose. The peaks at 1600 and 1580 cm-1 

decreased drastically compared with those in the control, which were due to the benzene 

skeleton vibration in lignin (Pandey and Pitman 2003) and resulted in the rupture of the 

benzene rings. Peaks near 1382 cm-1 were caused by the stretching vibration of C-H in 

cellulose and hemicellulose (Müller et al. 2003). The weaker peak at this wave band 

indicated the degradation of cellulose and hemicellulose under the condition of UV-A + 

90% RH. Peaks at 1317 and 1248 cm-1 were caused by the vibration of lignin monomers 

and ether linkages (Pandey and Pitman 2003; Huang et al. 2012). The peak at 1030 cm-1 

was due to the C-H aromatic in-plane vibration. Weaker peaks at these bands further 

proved that lignin was degraded strongly by the elevated UV-A irradiation. 

Photodegradation played the major role in the degradation of lignocellulosic materials 

under the condition of UV-A + 90% RH. 

 

 
Fig. 4. Infrared spectroscopy analysis of initial and final samples under different conditions: (a) 
90% RH. (b) UV-A + 90% RH  

 

BIOLOG Microplates Assay 
Average well color development (AWCD) reflects the ability of straw-degrading 

microorganisms to utilize the sole carbon source. It is important to reveal the change in 

microflora in a specific environment. Higher values of AWCD represent higher activity 

of environmental microbial communities (Hackett and Griffiths 1997; Fang et al. 2001). 

With extended cultivation time, the values of AWCD showed an increasing trend 

(Fig. 5). During the first 24 h of cultivation, all the AWCD values of the various 

treatments were between 0.001 and 0.01, and the values increased rapidly after 24 h. 

Figure 5a shows the AWCD at different incubation times for T3.  

The AWCD values at days 0, 40, and 60 gradually increased at the end of 

incubation time and reached the maximum (0.095) at day 60. Microbial metabolic 

activity gradually decreased after day 60. The minimum value of AWCD was 0.05, which 

appeared at the end of the experiment.  

Figure 5b shows the change in AWCD for T2. Compared with T3, the value of 

AWCD remained a lower level during the entire incubation. Microbial metabolic activity 

increased first and then decreased with treatment time. The maximum AWCD was 0.061, 

which appeared on day 100. The effect of T1 on the microbial metabolic activity was not 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Li et al. (2016). “RH & straw degradation,” BioResources 11(4), 9255-9272.  9264 

obvious (Fig. 5c). The maximum and minimum values of AWCD were 0.024 and 0.009, 

respectively. 

 

             

 
 

Fig. 5. Change in AWCD with duration of incubation in two BIOLOG plates: (a) 90% RH, (b) 60% 
RH, (c) 30% RH, and (g) UV-A + 90% RH for ECO plate; (d) 90% RH, (e) 60% RH, (f) 30% RH, 
and (h) (UV-A + 90% RH) for FF plate during an incubation time of 168 h 

 

Figures 5d, 5e, and 5f show the change in AWCD for the FF plate. The values of 

AWCD formed typical S-shaped curves during the entire incubation time. The maximum 

value of AWCD was 0.893 in Fig. 5d, which appeared on the 70th day. It was 

approximately 2.7 times and 3.3 times the maximum values of AWCD of 60% RH and 

30% RH, respectively, which both appeared on the 150th day (Fig. 5 e/f). 

Figures 5g and 5h show the variation of AWCD in ECO plate and FF plate of T4, 

respectively. The metabolic activity of environmental microorganisms increased during 

the first 10 days of T4. The value of AWCD increased from 0.011 to 0.027 (Fig. 5g). The 

AWCD values of T4 decreased to the minimum of 0.012 at approximately 90 days. The 

AWCD increased during the last 90 days, reaching a maximum of 0.029 at the end of the 
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experiment. The values of AWCD in the FF plate increased in the first 20 days and then 

decreased during the subsequent 100 days. The AWCD increased slightly after day 120 

(Fig. 5h). 

The values of AWCD in 90% RH was distinguishable from those for 30% RH and 

60% RH. Results showed that higher humidity facilitated further biodegradation of 

lignocellulosic materials. It is worth reminding that the maximum value of AWCD 

appeared at approximately 70 days in both plates. This result is in line with previous 

results: the majority of mass loss occurred by approximately day 70 (Fig. 1). Moreover, 

compared with the data showed in ECO plates, values of AWCD in FF plates changed 

more obviously, from 0.27 (T1) to 0.89 (T3). These data indicated that the biodegradation 

of straw under different relative air humidity conditions was mostly accelerated by 

filamentous fungi. These results are consistent with previous studies (Martins et al. 2013; 

Yanto and Tachibana 2014). 

With extended irradiation time, the increased UV-A radiation showed a noticeable 

inhibition against the environmental microorganisms. This is the reason why the values 

of AWCD decreased after day 20 in both plates. The small increase in AWCD at a late 

stage in the experiment was in line with previous results that suggest that biodegradation 

in a wet environment is facilitated by prolonged irradiation (Henry et al. 2008; Liu et al. 

2015). The results further indicated that straw degradation under the conditions of UV-A 

+ 90% RH was accelerated by the combined action of photodegradation and 

biodegradation. These results are in line with those in Figs. 2 and 3. 

 

Microbial Functional Diversity Analysis 
The Shannon-Wiener Diversity Index (H) is an important parameter reflecting the 

functional diversity of environmental microorganisms (Fierer and Jackson 2006). In the 

ECO plate, the variation range of H under the conditions of T3 was 5.2 times and 8.7 

times the range of T2 and T1, respectively (Table 2a). In the FF plate, the maximum H of 

T3 was 1.7 times and 1.1 times the values of the initial and the end of experiment, 

respectively (Table 2b), and the variation range of H was 2.3 times and 2.7 times the 

range of T2 and T1, respectively. All the maximum values, in both plates, appeared on the 

70th day. The variation in H showed a similar tendency as that of AWCD (Fig. 5). 

Previous research showed that microbial activities are suppressed by increased 

UV irradiation (Santos et al. 2013; Yang and King 2014), and photodegradation has been 

regarded as the key driver of straw degradation in drought conditions (Brandt et al. 2007; 

Smith et al. 2010). However, the effect of lignocellulose-degrading microbes and the 

variation of microflora have constantly been underestimated at different stages of 

degradation under the condition of increased UV irradiation with high humidity.  

Table 2c shows the functional diversity of microbial communities at different 

sampling dates for T4. The functional diversity of environmental microorganisms 

increased at the beginning of the experiment, which caused a noticeable decrease in DOC 

(Fig. 2b). A small increase in the functional diversity of microbial communities was 

observed after day 90 in ECO.  

The increased metabolic activity caused an apparent decrease in DOC, which was 

primarily generated during the degradation of macromolecular substances (Fig. 2b). 

These results implied that biodegradation played an important role at the beginning and 

end of the experiment in the conditions of UV-A irradiation with high humidity. In other 

words, the combined function of photodegradation and biodegradation facilitated the 

degradation of lignocellulosic materials under these conditions. 
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Table 2a. Shannon-Wiener Diversity Index of Environmental Microorganisms 
under Different Levels of Humidity (ECO plate) (n = 3) 

 RH (%) 

Time (d) 30 60 90 

0 2.06 ± 0.163 2.12 ± 0.211 2.01 ± 0.162 

40 2.01 ± 0.032 2.03 ± 0.061 2.73 ± 0.215 

60 1.93 ± 0.061 2.27 ± 0.012 4.21 ± 0.215 

70 2.13 ± 0.113 2.29 ± 0.235 4.45 ± 0.436 

100 2.16 ± 0.054 2.33 ± 0.136 3.74 ± 0.039 

120 2.17 ± 0.281 2.41 ± 0.312 3.54 ± 0.066 

150 2.21 ± 0.146 2.58 ± 0.194 3.01 ± 0.170 

 

Table 2b. Shannon-Wiener Diversity Index of Environmental Microorganisms 
under Different Levels of Humidity (FF plate) (n = 3) 

 RH (%) 

Time (d) 30 60 90 

0 2.71 ± 0.099 2.66 ± 0.109 2.88 ± 0.332 

40 2.56 ± 0.098 2.84 ± 0.216 3.69 ± 0.061 

60 2.89 ± 0.046 3.02 ± 0.032 4.50 ± 0.105 

70 3.00 ± 0.209 3.21 ± 0.077 4.82 ± 0.042 

100 3.21 ± 0.016 3.31 ± 0.088 4.68 ± 0.112 

120 3.33 ± 0.164 3.40 ± 0.081 4.72 ± 0.044 

150 3.41 ± 0.074 3.52 ± 0.141 4.32 ± 0.229 

 

Table 2c. Shannon-Wiener Diversity Index of Environmental Microorganisms 
under the Condition of UV-A + RH 90% (ECO and FF plate) (n = 3) 

Time (d) ECO plate FF plate 

0 2.07 ± 0.369 2.58 ± 0.248 

10 2.41 ± 0.213 2.81 ± 0.381 

20 2.32 ± 0.169 2.69 ± 0.266 

30 1.81 ± 0.241 2.60 ± 0.311 

60 1.17 ± 0.226 1.32 ± 0.162 

90 1.21 ± 0.241 0.87 ± 0.211 

120 1.46 ± 0.106 0.92 ± 0.301 

150 1.59 ± 0.253 0.81 ± 0.209 

180 1.72 ± 0.189 0.92 ± 0.162 

 
Scanning Electron Microscopy 

Compared with the control, many more straw-degrading microorganisms were 

observed on the 70th day for T3 (Fig. 6a and Fig. 6b). The fiber structure was further 

disintegrated at the end of the treatment with 90% RH (Fig. 6c). However, few 

environmental microorganisms were observed at the end of 180-day experiment. Results 

further demonstrated that straw degradation was accelerated by biodegradation under 

90% RH. Different from lignocellulose fracture by biodegradation, the effect of T4 on the 

straw caused the shedding of flakes from the straw. Figure 6d shows the 10th day straw 

sample surface under the condition of UV-A + 90% RH. Compared with the acceleration 

of filamentous fungi on straw degradation, lignocellulosic straw-degrading bacteria 

played an important role during the first 10 to 20 days. Figure 6e shows the sample 

surface at the 90th day of T4. Environmental microorganisms were inhibited with the 

extension UV-A irradiation. However, few straw-degrading bacteria were observed at the 
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end of the experiment (Fig. 6f). It should be specially mentioned that UV-resistant 

microorganisms were observed on the irradiated surface. Previous research showed that 

continuous exposure with increased UV irradiation under dry conditions could accelerate 

the subsequent biodegradation (Henry et al. 2008; Lin et al. 2015). It is still unknown 

whether biodegradation and photodegradation coexist under the conditions of increased 

UV with high humidity. Apparent straw-degrading microorganisms at the beginning and 

end of the experiment further proved that straw degradation under the condition of high 

UV irradiation with high humidity was accelerated by the combined action of 

photodegradation and biodegradation. 

 

 
 

Fig. 6. SEM analysis of straw samples under the condition of 90% RH and UV-A + 90% RH.  
(a) Control. (b) sample surface of T3 (70 d). (c) Disintegrated fiber structure of T3 at day 150.  
(d) Sample surface of T4 at day 10.(e) Fiber structure of T4 at day 90. (f) Straw-degrading 
microbes on the sample surface of T4 (180 d). 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Li et al. (2016). “RH & straw degradation,” BioResources 11(4), 9255-9272.  9268 

CONCLUSIONS 
 

1. Straw mass losses with 30% RH and 60% RH were 3.7% and 5.7%, respectively. 

Compared with the two lower levels of humidity, 90% RH caused a larger decrease of 

straw mass, by 18.5%. Under the condition of 90% RH, the functional diversity of 

microbial communities increased first and then decreased and the maximum 

degradation rate occurred from days 60 through 70. The straw degradation was 

accelerated by filamentous fungi under the high-humidity conditions, which played a 

major role in the biodegradation. 

2. Hemicellulose was degraded at a relatively high level during the whole 

biodegradation process, which led to an increase in the relative content of lignin at the 

end of the experiment. In the pyrolysis process, the lower maximum pyrolysis rate 

and the enlarged temperature interval occurred because of the relatively higher lignin 

content in the straw.  

3. The straw mass decreased by 39.1% under the conditions of UV-A + 90% RH. 

Contrary to the biodegradation under the humidity conditions, the mass loss of lignin 

was the main reason for the straw degradation of UV-A + 90% RH. It further showed 

that photodegradation played a central role under the high-UV irradiation and high-

humidity conditions. 

4. The small increase in functional diversity of straw-degrading microbial communities 

at the beginning and end of the experiment provided strong evidence that 

biodegradation played an important role in straw degradation. The straw degradation 

was accelerated by the combined action of photodegradation and biodegradation 

under the high-UV-A irradiation and high-humidity environment. 
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