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在气候变化、环境污染生物清除、农田肥力保持等重要领域, 以宏基因组学为基础的系列组学

技术的应用已极大地加深了人们对科学规律的认识。 
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Abstract: To discover and characterize microbial members within their community and their 

roles in the environment, high-throughput omics approaches are being developed and applied. 

Among them, sequencing- and microarray-based metagenomics is the most mature key 

approach, providing information basis for most other omics technologies. Metatranscriptomics, 

metaproteomics and community metabolomics have had limited successes but already shown 

promising potentials. All of the omics approaches lie on the support of bioinformatics, which 

becomes a major bottleneck in omics applications. These new omics technologies are 

revolutionizing the field of environmental microbiology in revealing the genetic potentials and 

functional activities of microbial communities. 
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环境微生物学的组学技术应用和突破 

短标题: 环境微生物学的组学技术 

杨云锋 

(       100084) 

摘  要: 由于研究环境变化和微生物群落的需要 , 近年来高通量组学技术得到了迅猛开

发和应用。其中, 基于测序和芯片技术的宏基因组学是一个关键的、最成熟的组学技术 , 

为大多数的其它组学技术提供了支撑。相比较而言, 宏转录组学、宏蛋白质组学和宏代谢

组学也取得了少数的有限成功, 但已经显示出可喜的潜力。所有的组学技术都有赖于生物

信息学, 使得后者成为组学技术应用的一个主要的技术瓶颈。这些新的组学技术对环境微

生物学领域产生了革命性的影响, 极大地丰富了我们对于环境微生物基因资源和功能活

性的了解。 

关键词: 微生物群落, 组学, 宏基因组学/元基因组学, 气候变化, 碳循环, 氮循环 

1  Introduction 

Natural environments possess large microbial 

reservoirs that can be exploited for new 

enzymes
[1−2]

, secondary metabolite
[3]

 and modeling 

microbe-mediated nutrient and energy cycling
[4]

 as 

microbes play an essential role in driving earth‘s 

biogeochemical cycles
[5]

. However, the study of the 

microbial reservoirs is limited by our inability to 

cultivate a majority of the microbes, known as the 

―great plate count anomaly‖. It is possibly the 

oldest unresolved microbiological mystery. To explain 

it, it has been proposed that microbes stochastically 

awake from dormancy to exploit transient 

conditions in an environment
[6]

. Alternatively, it can 

also be attributed to oxidative/substrate stress-induced 

death on transfer to and incubation in the laboratory 

or simply slow-growth strategies
[7]

. To overcome 

the barrier of ―great plate count anomaly‖, there are 

intensive efforts to improve the cultivation by 

extended incubation time, the use of conditions that 

simulate the natural environment, and microbial 

encapsulation that physically separate microbes 

while allowing for molecular exchanges with the 

environment
[8−12]

. However, only limited success has 

been achieved to date, calling for the development 

and adoption of cultivation-independent approaches. 

Owing to the rapid development of metage-

nomic and other tools, we have witnessed a rapid 

advancement of environmental microbiology. It is 

clear now that phylogenetic diversity of environ-

mental microbes in soil, freshwater, marine water 

and air vastly exceeds what is informed from culti-

vation
[13−14]

. Among these natural habitats, soil ap-

pears to be the most dynamic and heterogeneous 

environments and thus diverse in microbial popula-

tion, with estimates of 10
3
−10

7
 species of eukaryo-

tic, bacteria, archaea and viruses in one gram of 

soil
[15−18]

, making soil the most valuable resource 

for discovering secondary metabolites such as anti-

biotics of the polyketide class
[19−20]

. In addition, di-

verse soil ecosystems allow for biological behaviors 

of competition, parasitism, predation and so on, 

thus it is of great interest to investigate the dynamic 

interactions among microbial group. Notably, ex-

traction of gene, mRNA, protein or metabolite in-

formation of microbial community can help deter-

mine the physiological requirements and thus im-
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prove the success in cultivating the uncultivable 

microbes.  

Microbial activity and growth are constrained 

by the physical and chemical properties of natural 

habitats. It has been shown that soil particle size is 

negatively correlated to the diversity and number of 

bacteria
[21]

. Meanwhile, temperature is an important 

controlling factor since all of living organisms have 

an optimal spectrum of growth temperature. In 

addition, it has been shown that moisture, pH and 

organic matter content are also often crucial in 

shaping microbial communities
[22]

.  

2  Metagenomics-sequencing 

Meta is a Greek word with the meaning of af- 

ter or beyond. Metagenomics can be defined as the 

genome research of the collective microbial assem- 

blage in environmental samples
[23]

. A major advan- 

tage of metagenomics is to identify novel functional 

genes. It is of little debate that the technical ad- 

vancement of DNA sequencing in the past two 

decades is the most pivotal driver that revolu- 

tionizes the field of environmental microbiology. To 

date, sequencing-based metagenomics approaches 

have been applied to a number of different envi- 

ronments and served as an indispensable informa- 

tion basis for most other omics applications to as- 

sess microbial community and ecosystem function- 

ing (Fig. 1). 

Large-scale metagenomics projects have 

quickly come to depend entirely on so called the 

2
nd

-generation DNA sequencing. Roche 454 ge- 

nome sequencer was the first commercially avail- 

able one among this kind, which employs a se- 

quencing-by-synthesis pyrosequencing technol- 

ogy
[24]

. The unique features of 454 pyrosequencing 

include emulsion PCR thermal cycling on sepharose 

or Styrofoam beads to amplify DNA fragments, the 

use of a picotiter plate (PTP) that contains more 

than one million wells per plate but can hold only 

one bead per well, and the release of a pyrophos- 

phate molecule when a nucleotide is incorporated 

during DNA synthesis (where the word pyrose- 

quencing is derived from). Today, Roche 454 ge- 

nome sequencers have two versions-GS FLX+ sys- 

tem and junior system with 1 M and 100 k reads 

capacity, respectively. Illumina sequencers, com- 

monly referred to as Solexa, were commercialized 

in 2007. It uses sequencing-by-synthesis technology 

coupled with bridge amplification in a flow cell
[25−26]

.  

 

 

Fig. 1  A conceptual framework of omics’ roles in environmental microbiology research  

图 1  组学技术在环境微生物学研究中发挥作用的概念框架 

Note: Among the omics approaches, sequencing-based metagenomics is usually necessary for providing informational basis of 

microarray-based metagenomics, metatranscriptomics and metaproteomics. Bioinformatics is considered to be essential for all of the 

omics approaches and a major challenge of future omics R&D. An integrated use of these omics approaches are crucial for 

understanding the responses of native microbes as well as their interactions with other microbes and environment, which elucidates 

microbe-mediated processes of soil respiration, methane and nitrous oxide emission, to name a few. Such a knowledge flow is helpful 

for gaining a mechanistic understanding of microbial responses to environmental changes and prediction of feedback responses at the 

large-scale ecosystem level using computational models. Meanwhile, it is well observed that environmental changes exert a clear 

impact on microbial community composition and functional activity, thereby the resulting feedback loop has dramatically 

complicated the research field of environmental microbiology. 
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The unique features include the linkage between 

adaptors ligated to DNA fragments and complemen-

tary oligos attached to the interior surfaces of a flow 

cell, which allows DNA amplification, and the in-

corporation and identification of fluorescent nuc-

leotide during DNA synthesis. There are currently 

several versions. The HiSeq2500 platform can gen-

erate up to 120 Gb of sequencing data in roughly a 

day, whereas a low-end MiSeq platform can gener-

ate 1.5−2.0 Gb per run. Unlike Roche 454 pyrose-

quencing and Illumina technologies, the Applied 

Biosystems SOLiD sequencer uses a sequenc-

ing-by-oligo-ligation technology, which targets oc-

tamer DNA fragments during a DNA ligation reac-

tion
[27]

. Another feature of SOLiD is the use of 

two-base encoding as an error-correction scheme to 

identify miscalls. The current SOLiD platforms 

have two versions: the 5500 system with 100 Gb 

capacity, and an improved 5500xl system with 250 

Gb capacity. Life Technologies Ion Torrent uses a 

post-light sequencing technology by detection of 

hydrogen ion released during DNA synthesis. The 

314, 316 and 318 series of ion chips can generate 

10 Mb, 100 Mb and 1 Gb of sequencing data, re-

spectively. Ion Proton I and II chips, which is 

coupled to the Ion Proton bench top sequencer, have 

higher capacities of 1 Gb and 10 Gb, respectively. 

There are pros and cons of these 2
nd

-generation 

DNA sequencing platforms. The major advantages 

of Roche 454 pyrosequencing are its long read 

length (300–500 bp) and acceptably low rates of 

sequencing errors. The read length is a critical fac-

tor in matching sequences to those in GenBank or 

other databases
[18]

 in order to generate accurate an-

notation of novel genes. To date, 454 pyrosequenc-

ing is the most commonly used platform for meta-

genomics. However, pyrosequencing relies on 

PCR-based DNA amplification, thus environmental 

contamination imposes a challenge in inhibiting 

DNA amplification. Also, the sequencing capacity 

of 454 pyrosequencing is low, thus the cost is high 

per megabase output
[28]

. It is roughly estimated, 

bearing in mind the caveat that the estimate may 

change rapidly, that pyrosequencing sequencing 

costs 0.01 cent per nucleotide
[29]

. In comparison, 

Illumina and SOLiD sequencing costs 20 times less. 

Thus they impose an obvious advantage over 454 

pyrosequencing since it is unlikely for the latter to 

dramatically improve the sequencing capacity soon. 

Another major drawback of 454 pyrosequencing is 

the high errors in sequencing homopolymers, which 

are consecutive same nucleotides. In comparison, 

homopolymers are certainly less of an issue for Il-

lumina. The major advantages of Illumina and 

SOLiD are the high sequencing capacity per run 

and the acceptably low rate of sequencing errors. 

The sequencing capacity is an important criterion, 

which improves the coverage depth of sequencing, 

referring to one genome equivalent, and can correct 

sequencing errors by additional coverage depths. 

However, their main drawback is the short-read 

length, which is inclined to generate more gaps and 

difficult to align, assign and annotate the sequences. 

Ion torrent is a relatively new technology. Similar to 

454 pyrosequencing, it delivers high read-length 

sequences, but the capacity is low compared to Il-

lumina and SOLiD. Notably, all of the 

2
nd

-generation DNA sequencing technologies are 

prone to the errors and biases derived from DNA 

amplication. In this regard, the 3
rd

-generation DNA 

sequencing technologies, which are sin-

gle-molecule, non-PCR sequencing technologies, 

are appealing in that it targets single cells and eli-

minates the biases introduced by template amplifi-

cation. In addition, they promise remarkably high 

read-lengths (e.g. Pacific Biosciences). However, 

there are still issues such as high rates of sequenc-

ing errors, making the commercialization primitive 

at the time of this manuscript writing.  

Metagenomics is the forefront of environmen-

tal microbiology research in recent years. It has 

been widely applied to analyze microbial commu-

nity compositions in a variety of environmental 

samples from terrestrial, soil, marine, freshwater, 

gut microbiota, rare and extreme habitats such as 

deep sea floors and acid mines. Among them, 454 

pyrosequencing examining 16S rDNA amplicons 

has been widely adopted by a large number of re-

search groups (to list a few,
 
[30−36]). An important 

point based on many of these studies is that gener-
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ally the microbial community compositions ap-

peared to be sensitive to anthropogenic and natural 

disturbance, unveiling a potential to use microbes as 

sensitive bioindicators of environmental quality and 

changes. In addition, selected functional gene am-

plicons of microbial community have also been 

targeted
[37−40]

. Meanwhile, Illumina and Ion Torrent 

sequencing have been successfully applied for mi-

crobial community assessment using short 16S 

rDNA regions
[41−42]

. 

An important but often ignored issue of meta-

genomics is to extract DNA representative of total 

microbial diversity, which is particularly important 

in light of recent recognition of the importance to 

assess the rare biosphere for its functional roles
[43]

. 

In consideration of environmental heterogeneity, it 

is advisable to pool multiple samples prior to analy-

sis. The environmental matrix and contaminants are 

also factors to be considered since DNA recovery is 

highly dependent on the environmental matrix. In 

soil, the strong adherence of microbial cells and 

DNA to soil matrix makes DNA recovery ineffi-

cient
[44−45]

. Meanwhile, contaminants such as humic 

acids, polyphenols, polysaccharides and nucleases 

can interfere with efficient DNA amplification or 

labeling
[45−48]

. In general, DNA extraction should be 

harsh enough to lyse a variety of microbes, but with 

the permissible degree of DNA fragmentation. A 

soil grinding method with the use of liquid nitrogen 

has been widely adopted
[47]

. Nevertheless, commer-

cial kits (e.g., MoBio Laboratories, Qiagen) can 

provide acceptable DNA yields under many cases. 

Regardless of DNA extraction methods, subsequent 

DNA purification is usually required. A combina-

tion of phenol and chloroform is typical, and treat-

ment with hexadecyltrimethylammonium bromide 

(CTAB)
[49−53]

 is often useful. Unfortunately, purifi-

cation steps inevitably result in a significantly de-

creased DNA yield and increased processing time. 

Occasionally, the issue of DNA purification can be 

alleviated by diluting DNA along with contami-

nants
[54]

, or by addition of bovine serum albumin to 

prevent inhibition of humic acids
[55]

. 

Based on the discussion, the choice of se-

quencing technologies depends not only on the cost, 

but on whether data analysis and DNA sampling 

methods will allow the completion of the project. 

The cost, labor and time required for sequencing 

has been reduced dramatically in the past two dec-

ades, as a result of the rapid technology develop-

ment, and this trend is likely to continue. Despite 

serious drawbacks for de novo sequencing, 454 py-

rosequencing has made significant progress in pro-

viding useful information about microbial commu-

nity
[56]

. However, as read length is gradually ex-

tended, Illumina technology is likely to prove more 

cost-effective at current pricing and output and thus 

outweigh 454 pyrosequencing in the near future. We 

predict that mass de novo sequencing of microbial 

community desires more advanced and low-cost 

technologies than the current ones on the market. 

However, such technologies will soon be available, 

given the current rate of technology advancement. 

When it occurs, the burden of difficulty will proba-

bly be shifted from the laboratory-based research to 

the interpretation of sequence information, calling 

for significant advances in bioinformatics and 

computational biology to solve algorithmic chal-

lenges in dealing with the issues of read-length, raw 

accuracy and throughput. Notably, the sequencing 

cost is not necessarily the major cost of metage-

nomics. With the astonishing rate to produce se-

quencing data, storage and analysis costs have be-

come a significant part of the budget. For all 

second-generation technologies, the availability of 

bioinformatics software is not yet optimized to the 

level that makes researchers satisfactory.  

3  Metagenomics-microarray 

The use of microarrays is an excellent alterna-

tive to high-throughput DNA sequencing to target 

functional genes and phylogenetic markers. Micro-

arrays have a number of advantages in that they are 

high-throughput, specific, quantitative, free of bi-

ases of PCR amplification and random sampling
[57]

, 

and allow for comparison between multiple sam-

ples. However, the probe design limits to existing 

sequence database, thus microarrays can only detect 

what is already known. Therefore, microarrays are 

commonly used for generally characterized ecosys-
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tems instead of novel gene discovery. 

PhyloChip and GeoChip are two most popular 

microarrays
[58−61]

. PhyloChip is based on diagnostic 

markers of phylogenetic diversity such as the 16S 

rRNA gene, whereas GeoChip contains probes to 

target a wide range of functional genes for their de-

tection in a given environment. The most advanced 

version of GeoChip to date, GeoChip 4.0, is de-

signed to detect a staggering number of ~152 000 

functional genes involved in biogeochemical cycles 

of carbon, nitrogen, phosphorus and sulfur, and 

stress responses such as antibiotics and metal resis-

tance. Recently, several studies have used a combi-

nation of PhyloChip and GeoChip to explore in-

formation of phylogenetic and functional genes si-

multaneously
[62−64]

. 

PhyloChip is in direct competition of 

high-throughput sequencing of 16S rDNA genes. 

With the rapid development of sequencing technol-

ogy, the application of PhyloChip is limited now. In 

contrast, GeoChip is complementary to sequencing 

by targeting a wide array of functional genes. Thus, 

GeoChip has been widely used for environmental 

studies. In a US Department of Energy‘s Field Re-

search Center at Oak Ridge, TN, USA, GeoChip 

was used to profile microbial community of ura-

nium-contaminated groundwater under bioremedia-

tion treatment with ethanol injection
[65]

. The results 

showed that the functional potentials of microbial 

community was very responsive to bioremediation 

and provided mechanistic explanation on ethanol, 

as an electron donor, for uranium reduction and 

immobilization. In marine water, Lu et al. used 

GeoChip to examine the effect of a massive deep 

sea oil spill in the Gulf of Mexico
[66]

. The results 

unveiled a huge functional potential for intrinsic 

bioremediation or natural attenuation since meta-

bolic genes required for degradation were highly 

enriched in the oil plume. In a newly grown deep 

sea protochimney of hydrothermal vent at the Juan 

de Fuca Ridge, GeoChip detected vast, dramatic 

changes of microbial communities along the growth 

of chimney, suggesting that hydrothermal microbial 

communities are highly dynamic in metabolism and 

physiology. Meanwhile, analyzing soil microbial 

communities by GeoChip appeared to be a major 

focus. Soil is estimated to contain the most sophis-

cated microbial communities
[15−16]

 and cannot be 

fully explored by the capacities of current technolo-

gies of DNA sequencing
[57]

. Consequently, GeoChip 

appeared to be most suitable as an alternative. In a 

long-term experimentally warming grassland site of 

Oklahoma, USA, the results of GeoChip showed 

that microbial communities played crucial roles in 

regulating soil carbon dynamics
[67]

. In an alpine 

grassland ecosystem of Tibetan plateau, China, li-

vestock grazing stimulated functional potentials of 

nitrogen mineralization and nitrification, but sup-

pressed those of carbon cycling of carbon fixation, 

degradation and methane, which could be linked to 

the changes of nitrogen and carbon inputs
[68]

. In 

contrast, functional potentials of virulence, stress 

and antibiotics resistance genes were increased due 

to the presence of livestock. Worthy of mention is 

that GeoChip is a high-resolution metagenomics 

tool suitable to tackle microbial ecology theories. It 

has been shown by GeoChip that a relatively flat 

gene-area relationship was present for forest soil 

microbial community, suggesting that the turnover 

in space of microbial communities was very low
[69]

. 

GeoChip is also applicable for engineered systems. 

It revealed that the functional diversity of microbial 

electrolysis cells were high, with the highest hy-

drogen yields linked to the highest microbial diver-

sity
[70]

. Further analysis indicated that reactor oper-

ation, rather than startup conditions of microbial 

electrolysis cells were crucial in shaping microbial 

communities.  

Despite wide applications, GeoChip has sever-

al inherent challenges just as any of the other omics 

technologies
[71]

. The probe coverage is crucial in 

comprehensive exploration of microbial communi-

ties. However, the fact that continuous addition of a 

tremendous volume of novel sequences in public 

databases suggests that our knowledge of microbial 

communities is very limited. Consequently, the 

probe coverage of GeoChip is far behind what is 

sufficient. Specificity is another crucial issue since 

many gene variants exist in an environmental sam-

ple. Therefore, a challenge of GeoChip is to take 
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into account of gene variants with high homologies, 

even though many of them are unknown sequences 

in the environment.  

4  Metatranscriptomics 

While mass de novo whole-genome sequenc-

ing of microbial community is not yet feasible due 

to the cost or technical difficulty, an alternative is to 

focus on protein-coding sequence by sequencing 

mRNA
[72]

, which is called metatranscriptomics. 

Metatranscriptomics randomly sequences mRNA 

fragments and requires computational assembly, 

thus serves as readily accessible ‗entry point‘ for 

studying microbial community
[73]

. It represents the 

next logical step to reach beyond genomic poten-

tials of the microbial community toward in situ ac-

tivity, since gene transcription is required for func-

tioning. Conversely, metatranscriptomics can be uti-

lized for gene discovery
[74]

. To date, metatranscrip-

tomics projects use 454 pyrosequencing for its rela-

tive long read-lengths
[73,75−76]

 because very 

short-read technologies (Illumina or Solid) prevent 

efficient de novo assembly of transcripts that do not 

have a closely related template as efficient. Also, 

the resolution of genes with similar sequences is 

more challenging for Illumina or Solid technolo-

gies. However, given the advantage in sequence 

output, very short read sequencing technologies 

(Illumina or Solid) will provide sufficient depth for 

effective assembly in many genes, which is impor-

tant since it allows better sequence assembly as well 

as coverage of rare mRNA sequences. In this re-

gard, it is also likely that there is a shift from 454 

pyrosequencing to Illumina, since its read-length 

continues to be improved. Regardless, the cost of 

metatranscriptomics is likely to fall quickly in the 

near future, thanks to the advancement of sequenc-

ing technologies to analyze large numbers of mi-

crobial cDNAs quickly and cheaply. 

Recovering mRNA from natural environments 

is challenging because of mRNA instability and the 

need to separate mRNAs from more abundant 

rRNAs and tRNAs. In addition, mRNAs of house-

keeping genes are of little interest for many studies, 

thus removing them is also useful. These challenges 

have prevented the wide application of metatran-

scriptomics, despite recent efforts to address them. 

The first study of this kind successfully recovered 

mRNAs encoding proteins functioning in carbon 

and nitrogen cycling from freshwater and marine 

bacterioplanktons
[77]

. Using metatranscriptomics, 

immense metabolic diversity was unveiled in the 

ocean since a large fraction of environmental 

mRNAs was novel
[78]

. Similarly, a large fraction of 

soil mRNAs were indicative of novel genes, signi-

fying the importance of exploring the unknown
[79]

. 

A milestone publication utilizing metatranscrip-

tomics came out in 2008, in which it was shown 

that key metabolic genes such as photosynthesis, 

carbon and nitrogen cycling were highly 

represented in RNA pools of marine surface wa-

ter
[78]

. Further analysis showed that a large fraction 

of ocean water RNA pools is comprised of microbi-

al small RNAs
[80]

. Many of small RNAs were 

mapped to intergenic regions of microbial genomes 

generated from similar habitats, suggestive of po-

tentially new regulatory elements. Although meta-

transcriptomics is not yet a quantitative technology, 

there has been effort to use transcriptomics profiling 

for comparative study. More transcripts of photo-

synthesis, carbon metabolism and oxidative phos-

phorylation were present in the surface ocean mi-

crobial community for the day samples than the 

night ones, and Cyanobacteria transcripts were ab-

undant throughout the day/night cycles
[81]

. In soil, 

metatranscriptomics was used to profile the com-

munity diversity of forest soil eukaryotic micro-

bes
[79]

. An interesting result was that the taxonomic 

distribution from metatranscriptomics and metage-

nomics did not coincide. This suggested that the 

omics profiling was highly incomplete, signifying 

the importance to develop and utilize sequencing 

technologies with higher capacity. Similarly, a more 

recent report showed that more than half of meta-

transcriptomics sequences from beech or spruce 

forest soil were previously unknown sequences
[82]

. 

Among them, the researchers have identified a nov-

el family of oligopeptide transporters of fungi and 

provided experimental evidence that it is function-

al
[83]

. This success indicated the potential of meta-
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transcriptomics in gene discovery and biotechno-

logical applications.  

5  Metaproteomics 

It is well understood that metagenomics and 

metatranscriptomics are not sufficient to understand 

the activity and physiology of microbial communi-

ty, calling for the analysis of environmental samples 

at the protein level. Metaproteomics, which analyz-

es protein profiles of microbial communities, can 

address the function more directly than metage-

nomics and metatranscriptomics since proteins are 

responsible for performing function and activities. 

To date, there are a variety of applications such as 

protein cataloging, comparative and quantitative 

proteomics, post-translational modifications, pro-

tein-protein interactions and genotyping, allowing 

for the establishment of linkages between gene and 

function in microbial communities.  

A state-of-arts, standard metaproteomics expe-

riment usually includes protein extraction and puri-

fication from an environmental sample, followed by 

enzymatic digestion of proteins, MS and MS/MS 

analysis, and protein identification based on refer-

ence database searches. The reference protein data-

bases are typically based on genomics or metage-

nomics project. Thus, proteins cannot be resolved if 

their nucleotide sequences are not available or an-

notated. Conversely, proteomic data can contribute 

to the refinement of sequencing annotations
[84]

. 

Thus, the combination of metaproteomics and me-

tagenomics is very helpful in the analysis of envi-

ronmental samples. Indeed, a term proteogenomics 

has been coined to indicate the simultaneous per-

formance of genomics and proteomics
[85−86]

.  

Although metaproteomics is still in its infancy, 

there are excellent studies using large-scale 

MS/MS-based metaproteomics, or proteogenomics 

in some cases. A prominent example is the protein 

profiling of natural biofilms in an acid mine drai-

nage
[87]

, which are low complexity models due to 

the extreme conditions. More than 2 000 proteins 

from the top five abundant species were sampled to 

saturation (up to 48% protein coverage), whereas as 

low as 1% of the total population can also be de-

tected. A subsequent study unveiled interpopulation 

recombination since strain-specific genome infor-

mation is available for the dominant species
[88]

, 

which was confirmed by extensive 

semi-quantitative protein profiling
[89]

. The virtue of 

proteogenomics was also demonstrated by the iden-

tification of 45%−65% of the predicted proteins of 

the dominant species in acid mines
[90]

. Also, pro-

teogenomics was carried out in study microbial 

community of plant leaves
[91]

, leading to the identi-

fication of protein profiling o predominant species 

of microbial community (Sphingomonas, Methylo-

bacterium and Pseudomonas). Similarly, microbial 

community in the termite hindgut or sheep rumen 

was recently analyzed by proteogenomics
[74,92]

, 

which revealed the presence of a large number of 

cellulolytic and xylanolytic enzymes. Other pro-

teomics applications include a comparative meta-

proteome study to examine the mechanisms of en-

hanced biological phosphorus removal (EBPR), a 

process of interest to a wastewater treatment 

plant
[93−94]

. The results indicated distinct differences 

in protein profiles and revealed metabolic pathways 

essential for EBPR in uncultured dominant micro-

bial species of the EBPR reactor. In highly complex 

environments, microbial communities in lake water, 

soil or aquifier sediments were analyzed, entailing 

the broad applicability of proteomics
[95−97]

. 

However, several needs should be fulfilled for 

further development of proteomics. The protein ex-

traction methods need to be developed to deal with 

organic and metal contaminants in environmental 

samples. The sensitivity and accuracy of mass spec-

trometer is also crucial for improvement in protein 

coverage. Meanwhile, quantitative metaproteomics 

is urgently needed for comparisons between sam-

ples, in addition to the need of software tools to 

overcome current challenges in data analysis. Suc-

cesses in these issues will be important to advance 

our understanding of earth‘s biogeochemical cycles 

in which microbial communities play important 

roles and harness proteins with biological activities 

desirable for biotechnological applications. 

6  Community metabolomics 

Community metabolomics is the large-scale 
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metabolite profiling in a given environmental sam-

ple. Metabolites, which are small chemical mole-

cules, are required for the building blocks, energy 

consumption and signal communication of microbi-

al community, providing a direct description of the 

physiological and communication status
[98]

. There-

fore, metabolite profiling is important for the com-

prehensive investigation of microbial community. 

However, since metabolites vary in molecular 

weight, size, solubility and other physical and 

chemical properties, it imposes a challenge on 

comprehensive detection and measurement of me-

tabolites. In addition, as other omics approaches, 

another challenge is to extract and interpret the vast 

amount of information from community metabo-

lomics, entailing the need for bioinformatics tool 

development and validation. 

Community metabolomics utilizes analytic 

chemistry tools, such as nuclear magnetic resonance 

spectroscopy and chromatographic separation tech-

niques coupled to mass spectrometry
[99]

. Gas chro-

matography coupled to mass spectrometry (GC-MS), 

which targets volatile metabolites either naturally or 

via chemical derivatisation, has been widely used 

for community metabolomics. It enables the profil-

ing of hundreds of low-molecular-weight metabo-

lites of up to 1 000 Da, such as amino acids, fatty 

acids and sugars, in a single run
[100]

. The coupled 

mass analyzers include low-resolution quadrupole 

instruments, or fast-scanning time of flight (TOF) 

MS. In contrast, liquid chromatography coupled to 

mass spectrometry (LC-MS) can detect and quanti-

fy higher molecular mass metabolites and do not 

require derivatization. Another metabolomics tech-

nique, nuclear magnetic resonance (NMR), is also 

popular since it detects a wide range of metabo-

lites
[101]

 and is fast, cheap, noninvasive and quantit-

ative. However, the sensitivity of NMR is relatively 

low. As any of these techniques has limitations in 

detecting the huge metabolic diversity and inherent 

analytical errors, a multifaceted approach with 

combinations of GC-MS, LC-MS and NMR should 

be considered.  

There have been several studies of community 

metabolomics
[102−104]

. For example, a strong effect 

of gut microflora was observed on mammalian 

blood metabolites, suggesting that microbes directly 

affected the metabolism capacity of human 

body
[103]

. This finding was of great interest for ex-

ploring microbiome toward improving human 

health. However, the application of metabolomics 

for studying microbial community is still in an early 

stage. It is thereby important to develop more quan-

titative tools, and integrate metabolomics with data 

sets from the other ―omics‖ to improve data quality 

and provide novel insights than a single ―omics‖ 

technology alone can offer. 

7  Bioinformatics 

Omics typically produce very large datasets 

covering a large number of previously undescribed 

genomes. Therefore, a major challenge in omics 

applications in environmental microbiology lies in 

handling and interpretation of high-density data. 

Bioinformatics is the application of informatics 

tools to biological data, including high-throughput 

sequence quality scoring, alignment, assembly, 

computation of relative abundance, data access and 

comparison across various platforms.  

Raw data of high-throughput Omics experi-

ments typically contain a high level of inherent 

noise, which has a variety of context-dependent er-

ror distributions. Bioinformatics will be important 

to resolve this issue. However, to date there is no 

appropriate software that can assemble de novo ge-

nomes from short reads of less than 50 bp
[18]

. 

Therefore, reconstruction of microbial genomes 

from highly diverse microbial community is not 

available. Given the non-exhaustive nature of omics 

dataset, sequence assembly will be of limited bene-

fit and prone to high errors of chimeric assembly. 

Regardless, there has been recent effort to develop 

new assembly tools
[105−107]

. 

There appears to be a huge need of sequence 

alignment, annotation and function prediction by 

comparing DNA reads against previously known 

gene products and exploring the taxonomical con-

tent
[108−110]

. Notably, the predictive power of the 

sequence annotation is limited by known gene func-

tions in public databases, thus the utility of se-
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quence annotation is affected by bias caused by in-

accurate annotation in the databases. BLAST (Basic 

Local Alignment Search Tool)
[111]

 is an essential 

program to compare sequence to NCBI DNA and 

protein databases. Until recently, CLUSTALW has 

been the most widely used program for sequence 

alignment
[112]

, but several improved alternatives, 

such as T-COFFEE and PROBCONS, have been 

developed
[113]

. However, BLAST is not adequate for 

handling short-read sequences, calling for new al-

gorithms tailed for short-reads. An increasing num-

ber of alignment algorithms have thus been devel-

oped to fulfill the need
[114]

. MAQ37 and SHRiMP 

take sequence quality in account during sequence 

alignment. Other algorithms use accelerated 

processing to make gapped alignment more effi-

cient
[114−115]

.  

An emerging, exciting development of bioin-

formatics is to generate co-occurrence patterns in 

association networks based on high density omics 

data, which is robust to the typically high level of 

inherent noise in omics data, and help unveil inte-

raction within microbial community and topological 

details of microbial community structure
[116]

. Fur-

thermore, environmental parameters can also be 

incorporated to establish linkages between microbi-

al community and natural environments. Using a 

random matrix theory-based algorithm, association 

networks were reconstructed from both sequencing- 

and microarray-based data to examine long-time 

effects of elevated carbon dioxide
[117−119]

. The re-

sults showed that the networks possessed general 

topological features of complex systems and ele-

vated carbon dioxide clearly altered the network 

interactions of microbial phylogenetic groups or 

functional genes. Similarly, association networks 

were reconstructed from sequencing-based meta-

genomics data collected from ocean time-series site 

of southern California, revealing the dynamics of 

microbial communities over time and possible 

‗keystone‘ species
[120−121]

. 

As most environmental microbiologists are not 

professional bioinformaticians, it is necessary to 

develop user-friendly automated omics ―pipelines‖ 

that allow for automated annotation, phylogenetic 

classification and metabolic pathway reconstruction 

of metagenomics sequences. mg-RAST, the ab-

breviation of the metagenomics RAST server
[122]

, 

has been used to reconstruct metabolic pathways of 

several different microbial communities
[123]

. 

Meanwhile, the stand alone program MEGAN can 

rapidly provide phylogenetic classification, func-

tional assessments and visual outputs
[109]

. 

The importance of setting up consensus guide-

lines of metadata MIGS (Minimum Information 

about a Genome Sequence) has been accepted in the 

bioinformatics community, which might simulate 

the most successful MIAME (Minimum Informa-

tion About a Microarray Experiment) guidelines for 

microarray experiments
[124]

. MIGS should include 

environmental data of climate, land management 

and environmental measurements and consistent 

sequence reads format styles for multiple samples, 

which are useful for comparison of different meta-

genomics projects and large-scale re-analysis with 

novel bioinformatics ideas.  

8  Conclusions 

In summary, the vast numbers and great diver-

sity of microbial community, tethered with the he-

terogeneity of the environment, impose major chal-

lenges. Omics breakthroughs have greatly facili-

tated the understanding of the interactions within 

microbial communities and with their environment, 

albeit inherent biases for any of the approaches. 

Metagenomics is the most mature and widely used 

omics tool. Representing functional potentials, me-

tagenomics reveals the range of potential activities 

in microbial communities. Meanwhile, metatran-

scriptomics has been used to indicate the gene ac-

tivity since mRNA is abundant only in live cells. In 

contrast, the development and application of meta-

proteomics and community metabolomics are more 

relevant in reflecting microbial physiology and in-

teraction within microbial communities and with 

environment. Although there are many difficulties 

in extracting and quantifying protein and metabolite 

components, there have been efforts in addressing 

these issues and the coupling of genomic and pro-

teomic approaches
[87,95]

.  
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The use of omics for microbial communities is 

still in the infancy but likely to become more 

prominent when the cost falls and the necessary 

bioinformatics tools are in place. In addition, paral-

lel applications of metagenomics, metatranscrip-

tomics, metaproteomics and community metabo-

lomics will allow for simultaneous study of micro-

bial community at different layers. These methods 

hold great promise in revealing the overall picture 

of microbial diversity and activity, as well as rare 

spheres of previously unknown and uncharacterized 

microbes but possibly with functions that are im-

portant for the community. Now it is only an expo-

sition for an exciting era of environmental microbi-

ology. 
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