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Abstract
Mealworms, the larvae of a coleopteran insect Tenebrio molitor L., are capable of eating, living on and
degrading the non-hydrolyzable vinyl plastics as sole diet. However, vinyl plastics are carbon-rich but
nitrogen-de�cient. It remains puzzling how plastic-eating mealworms overcome the nutritional obstacle of
nitrogen limitation. Here, we provide the evidence for nitrogen-�xation activity within plastic-eating
mealworms. Acetylene reduction assays illustrate that the nitrogen-�xing activity ranges from 12.3 ± 0.7
to 32.9 ± 9.3 nmol ethylene·h− 1·gut− 1 and the corresponding �xed nitrogen equivalents of protein are
estimated as 8.6 to 23.0 µg per day per mealworm. Nature nitrogen isotopic analyses of plastic-eating
mealworms provide further evidence for the importance of nitrogen �xation as a new nitrogen source.
Eliminating the gut microbial microbiota with antibiotics impairs the mealworm’s ability to �x nitrogen
from atmosphere, indicating the contribution of gut microbiota to nitrogen �xation. By using the
traditional culture-dependent technique, PCR and RT-PCR of nifH gene, nitrogen-�xing bacteria diversity
within the gut was detected and the genus Klebsiella was demonstrated to be an important nitrogen-
�xing symbiont. These �ndings �rst build the relationship between the plastic degradation (carbon
metabolism) and nitrogen �xation (nitrogen metabolism) within mealworms. Combined with previously
reported plastic-degrading capability and nitrogen-�xing activity, mealworms may be potential candidates
for up-recycling of plastic waste to produce protein sources.

Introduction
An increasing accumulation of non-hydrolyzable vinyl plastic wastes, such as polystyrene (PS),
polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC), has become a severe environmental
and social concern (Ru et al., 2020; Yang et al., 2020). In 2015, mealworm, the larva of a coleopteran
insect Tenebrio molitor L., was �rst reported to be able to eat PS foam (Styrofoam) as sole diet and lived
as well as those fed with a normal food (wheat bran) over a period of one month (Yang et al., 2015a,b).
Ingested Styrofoam was demonstrated to be e�ciently degraded after passage through the larval gut
within a retention time of less than 24 h, and further mineralized to CO2 and incorporated into lipids (Yang
et al., 2015a). Subsequently, the ability of mealworm to live on and degrade Styrofoam was ubiquitously
con�rmed by expanding assessments from 22 countries (Yang et al., 2018). Additionally, multiple recent
studies showed that mealworm was also capable of surviving by eating other synthetic vinyl plastics,
such as PE, PVC, PP, and Styrene-Butadiene rubber (SBR), as sole diet, and rapidly degrading these
ingested vinyl plastics within the larval gut (Brandon et al., 2018; Aboelkheir et al., 2019; Peng et al., 2020;
Yang et al., 2020). These �ndings have provided implications for future applications of mealworms in
plastic waste management. However, there is a controversy that vinyl plastics of PS, PE, PVC, PP and SBR
are carbon-rich but nitrogen-de�cient diet, which could not meet the nitrogen requirements for the
biosynthesis of proteins, nucleic acids and other metabolites within mealworms. Therefore, it is intriguing
to know how mealworms overcome the nutritional obstacle of nitrogen limitation when they are fed with
vinyl plastic as sole diet.
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Many insects, like termite, shipworm, stag beetle and red turpentine beetle, intrinsically feed on nitrogen-
de�cient wood diet (Bar-Shmuel et al., 2020). These xylophagous insects have been extensively
demonstrated to be capable of supplementing their diets by �xing nitrogen from atmosphere based on
the acetylene reduction assays or nitrogen isotopic tracers (Breznak et al., 1973; Benemann, 1973;
Carpenter and Culliney, 1975; Prestwich and Bentley, 1981; Pandey et al., 1992; Tayasu et al., 1994; Behar
et al., 2005; Kuranouchi et al., 2006; Yamada et al., 2006; Morales-Jiménez et al., 2009; Ayayee et al.,
2014; Sapountzis et al., 2016). The nitrogen-�xing activity of xylophagous insects could be abolished by
feeding with antibiotics, indicating that gut bacteria may contribute to nitrogen �xation (Breznak et al.,
1973; Benemann, 1973; Carpenter and Culliney, 1975). These �ndings promote a search for insect gut
bacteria that are involved in nitrogen �xation (Nardi et al., 2002; Kneip et al., 2007; orona Tamayo and
Heil, 2015). By applying the traditional culture-dependent technique of growing the bacteria on a nitrogen-
free medium, a few cultures of nitrogen-�xing bacteria, identi�ed as the species from genera of
Azotobacter, Spirochaeta, Citrobacter, Enterobacter, Treponema, Klebsiella, Beijerinckia, Clostridium and
Raoultella, have been isolated from the guts of various nitrogen-�xing insects (Carpenter and Culliney,
1975; French et al., 1976; Potrikus and Breznak, 1977; Bridges, 1981; Waterbury et al., 1983; Lilburn et al.,
2001; Risal and Ozawa, 2001; Gomathi et al., 2005; Behar et al., 2005; Doolittle et al., 2008; Morales-
Jiménez et al., 2013). Nevertheless, the culture-dependent method may detect only a limited number of
diazotrophic species because of the inability to culture most of environmental isolates. As the gene nifH
encoding dinitrogenase reductase is genetically conserved (Zehr et al., 2003), the culture-independent
molecular techniques based on the ampli�cation of nifH gene has been used to detected an unexpected
diversity of nitrogen-�xing bacteria within guts of these nitrogen-�xing insects (Ohkuma et al., 1996, 1999;
Yamada et al., 2007; Du et al., 2012; Desai et al., 2012; Ayayee et al., 2014; Ceja-Navarro et al., 2014).
However, the successful ampli�cations of nifH gene does not always indicate that the encoding
dinitrogenase reductase is actually expressed by the corresponding bacteria, because the expressions of
nifH genes are regulated at the transcriptional and post-transcriptional level (Zehr et al., 2003). Thus,
detection of mRNA by a reverse transcription polymerase chain reaction (RT-PCR) is usually used to
further support the expression of nifH genes and determine the actual activity of speci�c gut microbes in
nitrogen �xation (Noda et al., 1999, 2002; Desai et al., 2012; Ayayee et al., 2014; Ceja-Navarro et al., 2014).

Like xylophagous insects, mealworm’s gut also provides an ecological niche for the resident of a complex
mixed microbial community (Yang et al., 2015b; Xia et al., 2020). The composition of gut bacterial
community within mealworms from different sources has been investigated using both culture-dependent
and culture-independent methods (Jung et al., 2014; Yang et al., 2015b; Wang et al., 2015; Li et al., 2016;
Stoops et al., 2016; Xia et al., 2020; Urbanek et al., 2020; Przemieniecki et al., 2020). The culture-
independent pyrosequencing-based analyses show that Proteobacteria, Bacteroidetes, Firmicutes,
Actinobacteria and Tenericutes are the dominant phylum (Jung et al., 2014; Wang et al., 2015; Li et al.,
2016; Stoops et al., 2016; Urbanek et al., 2020; Przemieniecki et al., 2020). The detected species belong to
phylum Proteobacteria or Firmicutes, mainly Citrobacter spp., Klebsiella spp., Enterobacter spp., Pantoea
spp., Pseudomonas spp., or Clostridium spp., are known potential nitrogen-�xing bacteria (Bar-Shmuel et
al., 2020). These available data providing circumstantial evidence that nitrogen �xation may occur in
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mealworms. However, the direct evidence for the nitrogen-�xing activity of vinyl plastic-eating mealworm
and the involvement of gut nitrogen-�xing bacteria is still lacking.

Therefore, the speci�c aims of this study are to (i) determine whether the gut bacteria-mediated nitrogen
�xation takes place within mealworms when they were fed with Styrofoam as sole diet by using the
acetylene reduction assays and stable nitrogen isotope composition analyses, (ii) to uncover the
diazotrophic diversity of the gut microbial symbiont by culture-dependent technique and culture-
independent ampli�cation of nifH genes, (iii) to illustrate whether the nifH genes encoding dinitrogenase
reductase are actually expressed by gut nitrogen-�xing bacteria. The overall aim is to extend our present
understanding that plastic-eating mealworms can adapt the nitrogen-de�cient plastic diet by employing
the nitrogen-�xing capacity of gut microbiota.

Materials And Methods

Collection and culture of mealworms
Mealworms (growth age at approximately 3 − 4 instars) were purchased from six different insect-breeding
plants in northern (Beijing), eastern (Shanghai and Ningbo), western (Chengdu), southern (Guangzhou),
and central (Luoyang) region of China, respectively. The distributions of body weight and size of the
sampled mealworms are shown in SI Tables S1. The conventional diet for these sampled mealworms
was bran.

Sampled mealworms from each source were divided into two groups. One group (denoted as Normal
group, n = 3) were reared with Styrofoam blocks as a sole diet for 28 days. Other group (labeled as
Antibiotic group, n = 3) were �rst fed with the antibiotic diet (60 mg gentamicin per 1 g bran) until the
number of active gut bacteria became approximately zero. The number of active gut bacteria was
detected by the series dilution method of plate counting on solid nitrogen-free plates (1.5% agar)
(Burdman et al., 1998). These mealworms were subsequently fed with Styrofoam for 28 days. Both of
“Normal” or “Antibiotic” groups were used for further investigations.

Acetylene reduction assays
Ten mealworms were randomly selected from each group and were quickly surface sterilized by
immersion in 75% ethanol for 1 min and then rinsed 2 times with sterile phosphate saline buffer (PBS)
prior to gut excision. Their guts were sterilely drawn out and pooled into a Hungate tube containing 5 mL
of sterile PBS buffer. Then, Hungate tubes were stoppered with rubber plugs and the inside atmosphere
was exchanged with argon gas (Ar). Acetylene was injected into the Hungate tubes to a �nal
concentration of 20% (v/v) by replacement of an identical volume of argon gas. The Hungate tubes
without guts but with acetylene gas were used as blank controls. The tubes for each group of mealworms
and controls were prepared in triplicate. After 5 hours of incubation at 30 ℃, to determine the reduction
of acetylene to ethylene, 0.5 mL of gas sampled from the top of the tubes was analyzed by gas
chromatography (GC, PANNA 91A, Changzhou, China) equipped with a �ame ionization detector (FID)
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and HP-PLOT Al2O3 S column (25 m × 0.32 mm × 8 µm, Agilent, USA). The operating temperature for inlet,
column oven and FID was 150 ℃, 100 ℃ and 280 ℃, respectively. The gas �ow rate for N2, H2 and air

was set as 20 mL·min− 1, 40 mL·min− 1 and 450 mL·min− 1, respectively. Puri�ed ethylene was used as the
standard for the quantitative analysis. To estimate the amount of �xed nitrogen, the molar ratio of
ethylene to nitrogen was de�ned as 4 : 1 and the average working time for nitrogen �xation by bacteria
was assumed to be 16 h per day (Behar et al., 2005). The �xed nitrogen equivalent of protein was
calculated based on a value of 16% nitrogen in protein (Behar et al., 2005).

Stable nitrogen isotope composition measurements
Ten mealworms were randomly selected from each group and lyophilized, ground to a homogeneous
powder. The powder (about 1.0 mg) was packed in tin capsules and combusted to CO2 and N2 at 1000°C
in an on-line combustor. Subsequently, N2 was separated in a He carrier stream on a Carbosieve G
column and further introduced to an isotope ratio mass spectrometer (Finnigan MAT 253, Thermo
Electron, Waltham, MA). Nitrogen isotope compositions were reported as δ15N values relative to
atmospheric nitrogen (a pure N2 gas reference, 0.00‰). The system was calibrated using multiple runs

of a powdered working standard (ammonium sulfate and sucrose mixture with δ15N versus air of
1.33‰) and the detection method was periodically calibrated against international isotope standards
(IAEA N1 and N3).

Isolation and characterization of nitrogen-�xing bacteria
Thirty mealworms from each group were randomly collected and quickly surface sterilized by immersion
in 75 % ethanol for 1 min and then rinsed twice with sterile PBS. Their guts were drawn out and pooled in
a 10 mL centrifuge tube containing 5 mL sterile PBS. The solution was roiled on a vortex mixer for 5 min
in order to adequately release the microbial contents from the guts. After that, the clearing gut tissues
were carefully picked out with a pipette, while the solution containing gut contents was used as gut
microbial inoculum, which was 10-fold diluted and inoculated on the plates containing semi-solid
nitrogen-free media (0.5% agar) (Burdman et al., 1998). These inoculated plates were incubated for 5
days at 30 ℃. Individual colonies were randomly picked and streaked repeatedly on Luria-Bertani (LB)
agar to obtain pure cultures. Genomic DNA extraction, PCR ampli�cation, sequencing and phylogenetic
analysis of the 16S rRNA gene from these pure cultures were carried out according to the previously
described method (Xia et al., 2020).

For acetylene reduction assays, pure cultures were inoculated in LB media and incubated in agitation for
24 h at 30 ℃. A well-known nitrogen-�xing bacterium Azospirillam brasilense was used as positive
control (Pinto-Tomás et al., 2009). Bacterial pellets were washed 3 times with sterile PBS and re-
suspended in 1 mL sterile PBS. One hundred microliter of this suspension were inoculated in 25 mL test
tubes containing 15 mL of semi-solid nitrogen-free media. The test tubes stoppered with cotton plugs
were incubated for 72 h at 30 ℃. Subsequently, the cotton plugs of test tubes were replaced with rubber
plugs and 1 mL of acetylene was injected into the tubes. Ethylene production was measured periodically
by GC as described above.
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DNA extraction, PCR ampli�cation, cloning and sequencing of nifH genes

Fifty of active superworms were randomly picked out from each group and were surface sterilized with
the same method described above. Their guts were drawn out and pooled into a 50 mL centrifuge tube
containing 25 mL sterile PBS on ice, respectively. After being roiled on a vortex mixer for 5 min, the
microbial contents were released from the guts and the empty guts were carefully removed from the tube
by using a pipette. The solution containing gut microbial contents were further centrifuged at 4 ℃,
12,000 rpm for 5 min. The supernatants were discarded and the precipitates were used for the DNA
extraction by using the TIANamp Stool DNA Kit (DP 328, TIANGEN, Beijing, China) according to the
manufacturer’s instructions. The average concentration of yielded genomic DNA was determined by
NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Scienti�c, USA). Genomic DNA
extraction of the pure cultures were carried out according to the previously described method (Xia et al.,
2020).

An internal fragment of the nitrogenase (nifH) gene (about 360 bp) was ampli�ed with using each set of
previously reported primer pairs (Table S2). The genomic DNA extract (1 µL, 300 ng·µL− 1), 1 µL of
forward and 1µL of reverse primer were added to 11 µL of the PCR mixtures (2×M5 Taq HiFi PCR mix,
Mei5 Biotechnology, Beijing). The �nal volume of PCR mixtures was 20 µL by adding double-distilled H2O
(ddH2O). Negative controls without DNA were also included to test for contamination. PCR was carried
out with one denaturation step of 8 min at 95°C, 35 cycles of 94°C for 0.5 min, 47°C for 0.5 min and 72°C
for 1 min, and a �nal extension step of 7 min at 72°C. Ampli�cation products were analyzed by
electrophoresis in 1.5% (w/v) agarose gels in 1× TAE buffer. PCR products of the expected size were gel-
puri�ed using a GeneJET Gel Extraction Kit (Thermo Scienti�c, USA). PCR products were ligated into
pJET1.2/blunt Cloning Vector and transformed into Escherichia coli XL-10-Gold cells using the CloneJET
PCR Cloning Kit (Thermo Scienti�c, USA). Plasmid DNA was isolated from individual clones and puri�ed
using TIANprep Mini Plasmid Kit (DP103, Tiangen, Beijing, China). Nucleotide sequencing was done
using ABI 3730XL genetic analyzer (Applied Biosystems, CA, USA).

RNA extraction and RT-PCR
Gut microbial contents were prepared with the same method as described above for DNA extraction. Total
RNA was extracted from gut contents by using TRIzol™ Reagen (Invitrogen, USA). RNA samples were
puri�ed using RapidOut DNA Removal Kit (Thermo Scienti�c, USA) to remove DNA. Reverse transcription
reactions were performed using GoScript™ Reverse Transcription System (Promega, USA). After reverse
transcription, nifH genes were ampli�ed in cDNA samples using PCR experimental conditions as
described in the previous section. Each set of previously reported primer pairs was tested in the PCR
reaction (Table S2). RNA samples without reverse transcription step were used as controls to check for
residual DNA in the RNA preparations. RT-PCR and PCR negative controls were also included to test for
reagent contamination. Generation of clone libraries and sequencing of RT-PCR ampli�ed nifH products
were performed by the same method described in the above section.

Phylogenetic analysis of nifH clones
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All detected nifH gene nucleotide sequences were translated into amino acid sequences by using ExPASy
bioinformatics resource tool (Gasteiger et al., 2003). Amino acid sequence with at least one amino acid
change was considered as a unique operational taxonomic units (OTUs). The closest phylogenetic
neighbours were obtained by aligning the representative amino acid sequence of each OTU against NCBI
database using protein Basic Local Assignment Search Tool (BLASTp) (Altschul et al., 1990). Sequence
alignment of all amino acid sequences was performed by using clustal x 2.0 software (Larking et al.,
2007). Aligned sequences were used to reconstruct the maximum-likelihood (ML) phylogenetic trees
using the program MEGA 6.0 (Felsenstein et al., 1981; Tamura et al., 2013), with bootstrap values based
on 1000 replications.

Results

Nitrogen-�xing activity of Styrofoam-eating mealworm
We used acetylene reduction assay to examine the nitrogen-�xing activity of mealworm, because both
acetylene and nitrogen are unsaturated compounds with covalent triple bonds and the conversion of
acetylene to ethylene has been widely used as an indicator of nitrogen-�xing activity for both terrestrial
and aquatic systems (Myrold, 2007). As shown in Fig. 1a, ethylene production from acetylene was
detected by Styrofoam-eating mealworms from six different sources, with the rate from 12.3 ± 0.7 to 32.9 
± 9.3 nmol ethylene·h− 1·gut− 1. The acetylene-reducing (nitrogen-�xing) activity of Styrofoam-eating
mealworm was similar to that of individual �eld-collected Mediterranean fruit �y (18.0 ± 1.5 nmol
ethylene·h− 1·gut− 1) (Behar et al., 2005), but was one or two orders of magnitude higher than that of
termite (1.25 ± 0.37 nmol acetylene·h− 1·gut− 1) and stag beetle (0.03 nmol acetylene·h− 1·gut− 1) (Breznak
et al., 1973; Kuranouchi et al., 2006). When mealworms were fed with antibiotic diet (60 mg gentamicin
per g bran), all detectable acetylene-reducing (nitrogen-�xing) activity was signi�cantly weakened and
decreased to the range of 8.7 ± 0.5 to 19.0 ± 0.4 nmol ethylene·h− 1·gut− 1 (p < 0.01, Fig. 1a), showing a
correlation with the suppression of gut bacterial numbers detected by the serial dilution method of plate
counting (SI Fig. S1). These results indicated that nitrogen �xation occurred in Styrofoam-eating
mealworms and nitrogen-�xing bacteria were present within their guts. Additionally, we also determined
the acetylene-reducing (nitrogen-�xing) activity of mealworms fed with the conventional diet bran (rich in
carbohydrates and proteins). The bran-feeding mealworms had an acetylene-reducing (nitrogen-�xing)
activity of 8.1 ± 2.1 to 12.2 ± 0.3 nmol ethylene·h− 1·gut− 1, which was signi�cantly lower than that of
Styrofoam-eating mealworms (p < 0.01, SI Table S1). This result agreed with the previously known
phenomenon that the available nitrogen in the diet would repress the nitrogenase synthesis of nitrogen-
�xing systems (Breznak et al., 1973).

According to the acetylene-reducing rate, the �xed nitrogen equivalents of protein were estimated as 8.6
to 23.0 µg per day per mealworm using the previous reported method (Behar et al., 2005). Investigation of
natural stable nitrogen isotope compositions in organisms also can provide further evidence for the
importance of nitrogen �xation as a source of new nitrogen, because the δ15N value of atmospheric N2 is
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0‰ and nitrogen-�xing organisms often have δ15N close to 0‰ (Tayasu et al., 1994). Thus, we analyzed
the δ15N values of Styrofoam-eating mealworms, antibiotic-treated mealworms and bran-feeding
mealworms that were sampled from six different source. As shown in Fig. 1b, all Styrofoam-eating
mealworms had δ15N values between 1.7‰ and 1.9‰, which were signi�cantly lower than that of
antibiotic-treated mealworms (2.3‰–2.4‰). Due to the suppression of gut microbiota within antibiotic-
treated mealworms, low δ15N values of Styrofoam-eating mealworms could be attributed to the presence
of gut nitrogen-�xing bacteria that can �x nitrogen from atmosphere nitrogen and provide a substantial
new nitrogen source for the mealworm’s metabolism. Moreover, the δ15N values of bran-feeding
mealworms were also analyzed and found to be in the range of 1.9‰ to 2.1‰ (SI Table S1), which were
higher than that of Styrofoam-eating mealworm. This result was consistent with the decreased acetylene-
reducing (nitrogen-�xing) activity within bran-feeding mealworms in comparison to Styrofoam-eating
mealworms.

Nitrogen-�xing bacterial cultures isolated from mealworm’s
gut
To assess the level of potential nitrogen-�xing bacteria in gut microbiota of Styrofoam-eating
mealworms, gut contents from Styrofoam-eating mealworms were serially diluted and inoculated in a
semi-solid nitrogen-free enrichment medium for the growth of nitrogen-�xing bacteria. The typical
colonies of nitrogen-�xing bacteria came out on all plates inoculated with gut contents of Styrofoam-
eating mealworms from six different sources (SI Fig. S1). The number of potential nitrogen-�xing bacteria
was estimated at 5.5 ×10 4 CFU per gut. In contrast, the size of the total cultivable fraction on the a
general LB medium, inoculated with the same dilution series, was estimated to be 5.0 ×10 6 CFU per gut
(Yang et al., 2015b). Therefore, the level of functional nitrogen �xers was estimated at about 1.1% of the
total bacterial population within the gut of Styrofoam-eating mealworm.

To further identify the speci�c gut microbes responsible to nitrogen �xation, we conducted extensive
steaking-isolations using nitrogen-free medium. Colonies isolated from the nitrogen-free plates were
identi�ed by ampli�cation and sequencing of the almost full length 16S rRNA gene. Phylogenetic
analyses based on 16S rRNA (Fig. 2a) revealed that isolates belonged to the genera Klebsiella, Mixta,
Kluyvera and Citrobacter. The abilities of isolates to reduce acetylene into ethylene were also determined.
As shown in Fig. 2b, in comparison to a positive control of a known free-living diazotrophs Azospirillum
brasilense ATCC 29145, isolates of the genus Klebsiella sp. showed a comparable nitrogen-�xing rate
while isolates of other genera of Mixta, Kluyvera and Citrobacter had a relative lower rate than the
Klebsiella isolates did. Given the noticeable nitrogen-�xation rates measured for the isolates of Klebsiella,
Mixta, Kluyvera and Citrobacter and their prevalence in the guts of Styrofoam-eating mealworms from six
different sources, we can therefore deduce that the gut species within the order of Enterobacteriales are
the important nitrogen-�xing symbiont of Styrofoam-eating mealworms.

nifH genes diversity in Styrofoam-eating mealworm’s gut
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To further determine whether more uncultivable nitrogen-�xing bacteria resided in the Styrofoam-eating
mealworm’s gut, nifH genes were ampli�ed from the DNA extracted from gut contents as well as the
genomic DNA of nitrogen-�xing gut isolates. We have tested four previously reported primer pairs (SI
Table S2) and found that only the primer pairs PolF-PolR could successfully produce the PCR products
(about 360 bp) from all DNA samples of gut contents (Fig. 3a). With each of four tested primer pairs, the
presence of nifH was only found in the nitrogen-�xing gut isolate from Klebsiella sp. but not Mixta sp.,
Kluyvera sp. and Citrobacter sp. (Fig. 3b). Nevertheless, these results revealed the presence of nitrogen-
�xing bacteria within the gut microbiota of Styrofoam-eating mealworms.

In total, more than 100 clones from clone libraries of PCR products were picked and sequenced. However,
several clones had similar DNA sequences and identical deduced amino acid sequences. The clones with
identical amino acids sequence were classi�ed into one OTU and only one sequence was taken as
representative for each OTU. Finally, seven clones, representing different nifH amino acid sequences, were
chosen for further study (SI Table S3). Phylogenetic analysis of the obtained nifH amino acid sequences
with their closest neighbors was shown in Fig. 4. According to Zehr et al. (2003), nifH protein sequences
can be classi�ed into four major clusters (Clusters I–IV) in phylogeny. We found that all nifH clones from
mealworm’s gut fell into the previously described Cluster I, which consists of nifH genes from
conventional eubacterial Mo-Fe operons and some vnfH (Zehr et al., 2003). Furthermore, cluster I could be
divided into four subgroups, which consists of nifH sequences from the genus Klebsiella, Pseudomonas,
unculture bacteria and Azospirillum, respectively. These results indicate that Styrofoam-eating
mealworms have a unique nifH genes diversity, which is different from of the nifH genes within termite
gut that generally belong to Clusters II or III compose of sequences from a diverse group of strict
anaerobic microorganisms such as clostridia, sulfate reducers, spirochetes, and methanogens (Yamada
et al., 2007; Du et al., 2012).

Expression of nifH genes in Styrofoam-eating mealworm’s gut

To demonstrated whether the nifH genes encoding dinitrogenase reductase were actually expressed by
gut nitrogen-�xing bacteria within Styrofoam-eating mealworms, transcribed nifH mRNA in the gut
microbial communities was analyzed using RT-PCR. Ampli�cations were detected in the cDNA samples of
gut contents from six different Styrofoam-eating mealworms but not in the control RNA sample of gut
contents without the RT reaction step (Fig. 3c), indicating that the RNA preparation did not have any
residual DNA after the DNAase treatment and nifH transcripts virtually presented in the total RNA pool
extracted from Styrofoam-eating mealworms’ guts. In comparison, no ampli�cations were observed in the
cDNA samples of gut contents from antibiotic-treated mealworms and bran-feeding mealworms (SI Fig.
S2), in line with their relative weaker acetylene-reducing (nitrogen-�xing) activities than Styrofoam-eating
mealworms.

Clone libraries were constructed from nifH cDNA ampli�ed by RT-PCR from total RNA. We recovered two
unique representatives from the RT-PCR cDNA clone libraries. They clustered within group 1 of Cluster I
and were exclusively Klebsiella phylotypes (Fig. 4 and SI Table S3). Given the high nitrogen-�xation rates
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measured for the Klebsiella isolates (Fig. 2) and the apparent consistence of Klebsiella nifH genes in PCR
and RT-PCR clone libraries (Figs. 3 and 4), it is likely that Klebsiella, the order of Enterobacteriales, is an
important nitrogen-�xing symbiont of Styrofoam-eating mealworms.

Discussion
Since mealworm was �rst introduced as a plastic eater and digester in 2015, this coleopteran insect larva
has been proven to survive by eating a series of non-hydrolyzable vinyl plastics, such as PS, PE, PP and
PVC, as sole diet and effectively degrade them (Yang et al., 2015a; Brandon et al., 2018; Aboelkheir et al.,
2019; Peng et al., 2020; Yang et al., 2020). In the perspective of nutrient elements content, the petroleum-
derived vinyl plastics were carbon-rich but nitrogen-de�cient diet. From a biology viewpoint, nitrogen was
an indispensable element for biosynthesis of proteins, nucleic acids and other metabolites in insect (Bar-
Shmuel et al., 2020). Hence, there was a pending question how mealworms can survive on nitrogen-
de�cient vinyl plastic as sole diet as well as that feed on normal nutritionally adequate diet (such as
bran). Inspired by that the xylophagous insects were capable of supplementing their diets by �xing
nitrogen from atmosphere (Bar-Shmuel et al., 2020), we attempted to reveal whether mealworms could
also �x atmosphere nitrogen. Our results explicitly showed that Styrofoam-eating mealworm has a
signi�cant acetylene-reducing (nitrogen-�xing) activity (12.3 ± 0.7 to 32.9 ± 9.3 nmol ethylene·h− 1·gut− 1),
which was one or two orders of magnitude higher than that of termite (1.25 ± 0.37 nmol acetylene·h− 

1·gut− 1) and stag beetle (0.03 nmol acetylene·h− 1·gut− 1) (Breznak et al., 1973; Kuranouchi et al., 2006).
This �nding gives a reasonable interpretation on the question why mealworm can survive on nitrogen-
de�cient vinyl plastic as sole diet.

Furthermore, investigation of natural stable nitrogen isotope compositions in Styrofoam-eating
mealworm has provided evidence for the incorporation of atmosphere nitrogen into the biomass. The
�xed nitrogen equivalents of protein were estimated as 8.6 to 23.0 µg per day per mealworm based on the
acetylene-reducing rate (Behar et al., 2005). Mealworms had a high protein content up to 50% and were
widely used as food for pet and poultry breeding industry, and recently proposed as an edible insect for
humans by Food and Agriculture Organization of the United Nations (FAO) (Li et al., 2016). Given that the
ability of mealworms to degrade plastic and assimilated the degraded products of plastic as carbon
source into biomass has been demonstrated, our �nding of nitrogen-�xing capability will build the
feasibility for mealworms to transform plastic waste into protein without the additional feed of nitrogen
nutrient.

Notably, gut microbiota has been found to be responsible for the plastic degradation in our previous
studies (Yang et al., 2015b) and nitrogen �xation within mealworm in this study. Hence, engineering a
synthetic microbial consortium or cell factories, which can degrade plastic waste and �x atmosphere
nitrogen at the same time, would be a possible way for up-recycling plastic waste to protein in vitro (Ru et
al., 2020).
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In conclusion, our work is the �rst demonstration for nitrogen-�xing activity within plastic-eating
mealworms by using acetylene reduction assays and nature nitrogen isotopic analyses. Antibiotic
suppression of gut microbial microbiota impaired the mealworm’s ability to �x nitrogen from atmosphere,
indicating the contribution of gut microbiota to nitrogen �xation. By applying the traditional culture-
dependent technique, PCR and RT-PCR of nifH gene, the presence of nitrogen-�xing bacteria within the gut
was demonstrated. These �ndings advance understandings of the role of gut microbiota in mealworms,
and suggest that �xing atmosphere nitrogen is a way whereby plastic-eating mealworms overcome the
nutritional obstacle of nitrogen limitation. Furthermore, it also indicates that mealworms may be applied
for up-recycling of plastic waste to produce protein sources for food production and other commercial
usage through the synergistic efforts of plastic-degrading and nitrogen-�xing activities of gut bacterial
symbiont.
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Figure 1

Evidence for nitrogen �xation in plastic-eating mealworms. (a) Nitrogen-�xation activity measured by
acetylene reduction assays for normal Styrofoam-eating mealworms or antibiotic-treated mealworms
from six different sources. (b) δ15N values [N isotopic ratio, per mil (‰)] of normal Styrofoam-eating
mealworms and antibiotic-treated mealworms from six different sources. All results are shown as mean ±
standard deviation (SD) (n = 3 samples, 10 worms as a sample). The single asterisk and double asterisks
indicate signi�cant different with p < 0.05 and p < 0.01, respectively (t-test).
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Figure 2

Nitrogen-�xing bacteria isolated from mealworm’s gut. (a) The 16S rRNA gene-based maximum-likelihood
phylogenetic tree of nitrogen-�xing bacteria isolated from the gut of plastic-eating mealworms. The 16S
rRNA sequence of Azospirillum brasilense ATCC 29145 was used as outgroup. Scale bar indicates 2%
estimated sequence divergence. Bootstrap support values ≥70 % are indicated on nodes. (b) Nitrogen-
�xing activity measured by acetylene reduction assays for bacterial isolates obtained from the gut of
mealworms. Azospirillum brasilense ATCC 29145, a known free-living nitrogen-�xing bacterium, was used
as a positive control. Results are shown as mean ± standard deviation (SD) (n = 3).
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Figure 3

PCR and RT-PCR ampli�cation of nifH DNA and mRNA from the gut microbiota of plastic-eating
mealworms. (a) PCR detections of nifH gene in the DNA extracts from the gut microbiota of plastic-eating
mealworms from six different sources. (b) PCR products of nifH gene from the genomic DNA of potential
nitrogen-�xing gut isolates. (c) PCR detections of reverse-transcripted nifH mRNA in the RNA extracts
from the gut microbiota of plastic-eating mealworms from six different sources. The nifH-speci�c primers
PolF-PolR was used in the PCR reaction. RNA preparations treated with DNase in the absence of RT did
not show the presence of PCR products, indicating there no DNA contaminant in the RNA extracts.
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Figure 4

nifH phylogenetic tree. Phylogenies were reconstructed from nifH amino acid sequences recovered from
DNA (PCR), RNA (RT-PCR) and isolated cultures from the gut microbiota of plastic-eating mealworms. All
gut phylotypes are indicated in red. The tree was constructed as described in the Materials and methods
section.
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