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ABSTRACT Lactate-driven chain elongation (LCE) has emerged as a new biotechnol-
ogy to upgrade organic waste streams into a valuable biochemical and fuel precursor,
medium-chain carboxylate, n-caproate. Considering that a low cost of downstream
extraction is critical for biorefinery technology, a high concentration of n-caproate pro-
duction is very important to improve the scale-up of the LCE process. We report here
that in a nonsterile open environment, the n-caproate concentration was increased
from the previous record of 25.7 g·liter21 to a new high level of 33.7 g·liter21 (76.8 g
chemical oxygen demand [COD]·liter21), with the highest production rate being 11.5
g·liter21·day21 (26.2 g COD·liter21·day21). In addition, the LCE process remained sta-
ble, with an average concentration of n-caproate production of 20.26 5.62 g·liter21

(46.16 12.8 g COD·liter21) for 780days. Dynamic changes in taxonomic composition
integrated with metagenomic data reveal the microbial ecology for long-term produc-
tion of high concentrations of n-caproate: (i) the core microbiome is related to effi-
cient functional groups, such as Ruminococcaceae (with functional strain CPB6); (ii) the
core bacteria can maintain stability for long-term operation; (iii) the microbial network
has relatively low microbe-microbe interaction strength; and (iv) low relative abun-
dance and variety of competitors. The network structure could be shaped by hydraulic
retention time (HRT) over time, and long-term operation at an HRT of 8 days displayed
higher efficacy.

IMPORTANCE Our research revealed the microbial network of the LCE reactor micro-
biome for n-caproate production at high concentrations, which will provide a foun-
dation for designing or engineering the LCE reactor microbiome to recover n-capro-
ate from organic waste streams in the future. In addition, the hypothetical model of
the reactor microbiome that we proposed may offer guidance for researchers to find
the underlying microbial mechanism when they encounter low-efficiency n-caproate
production from the LCE process. We anticipate that our research will rapidly advance
LCE biotechnology with the goal of promoting the sustainable development of human
society.

KEYWORDS valuable biochemical, n-caproate, microbial ecology, lactate-driven chain
elongation, organic waste streams

With the increasing generation of organic waste streams coinciding with the threat
of climate change, humans have an urgent need to pursue sustainable
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development. The carboxylate platform is a fast-growing platform for the transforma-
tion of organic waste into renewable resources (1–3).

At present, n-caproate, with six carbon atoms, is considered one of the most impor-
tant products of carboxylate platforms due to its special characteristics: (i) easy extrac-
tion for its low solubility; (ii) precursor of drop-in fuels and full-performance jet or die-
sel fuel (4, 5); and (iii) high added value for its potential industrial utilization as a
precursor for green insecticides and antifungal agents, flavoring agent in food and cig-
arettes, and parenteral nutrition in pharmacology, which is being more widely used in
foods, drugs, and cosmetics (1, 6–8).

Driven by an electron donor (ethanol, lactate, etc.), functional microorganisms grad-
ually synthesize medium-chain carboxylates (MCCs; with 6 to ;12 carbon atoms) from
acetyl-coenzyme A (CoA) via chain elongation (reverse b oxidation cycle or fatty acid
biosynthesis) (9–15). The first-generation chain elongation biotechnology is ethanol-
driven chain elongation (ECE), which can efficiently upgrade ethanol and organic waste
into n-caproate (16–19). Generally, the organic waste for high concentrations of etha-
nol production required targeted regulation (acid/enzyme pretreatment, simultaneous
saccharification, and fermentation using specific yeasts/fungi/bacteria); therefore, if we
consider the perspective of resource recycling rather than bioethanol upgrading, the
ECE process usually requires exogenous ethanol addition (1, 20–23), resulting in two
defects: increased costs and risks of environmental pollution from the manufacture
and transportation of ethanol and residue ethanol treatment (24).

A new process, lactate-to-n-caproate conversion (11, 13, 25, 26), may minimize the
two problems for the electron donor lactate, which can be easily fermented to a high
concentration (18.6 to 96.5 g liter21) (13, 27) from organic wastes (especially those rich
in carbohydrates), providing a clever way to circumvent exogenous lactate supplemen-
tation (8, 27–29). Previously, n-caproate was found to be a by-product of lactate fer-
mentation in the pure culture of Megasphaera elsdenii (30), a typical chain-elongating
species, which can form high concentrations of n-caproate from glucose (15); however,
the n-caproate concentration was too low to attract the attention of researchers. In
2015, we first demonstrated that lactate can serve as an electron donor in the same
way as ethanol to synthesize n-caproate as the main product (13). Thereafter, Kucek et
al. took the first step to produce n-caproate from a continuously fed bioreactor (31).
Researchers successively confirmed continuous n-caproate production from many or-
ganic waste streams, mainly via lactate-to-n-caproate conversion without exogenous
electron donor supplementation, e.g., lignocellulosic biomass (grass) (28), acid whey
wastewater (8, 32), diluted food waste (27, 29), and liquor brewing wastewater (33).
Therefore, LCE biotechnology can provide a dual benefit of reducing cost and environ-
mental impact compared with ECE biotechnology.

However, as a waste stream recovery biotechnology, the long-term operation effi-
cacy is more meaningful for industrial implementation. Although batch experiments
once achieved as high as 23.4 g liter21 n-caproate production from lactate (13), long-
term studies only reported an n-caproate production level of approximately 10.0
g·liter21 (Table 1), raising a question regarding low concentrations of n-caproate pro-
duction. Researchers have explored several ways to improve the efficiency of the LCE
process, such as in-line extraction (8), granular sludge (33), and parameter optimization
(e.g., pH [34] and HRT [8, 35]), which could greatly accelerate the production rate of n-
caproate but had little effect on the enhancement of n-caproate accumulation, which
seems to have reached a maximum. However, for industrial application, it is not eco-
nomically feasible to extract n-caproate at low concentrations, even though n-caproate
is much easier to extract than ethanol and lactate. Extraction usually involves mem-
brane filtration, pH adjustment, liquid extraction, and product recovery, and each
extraction will wear out facilities and generate resource consumption (e.g., energy and
solvent) (35). Indeed, a low concentration of n-caproate in the LCE process will signifi-
cantly increase the downstream extraction cost, limiting the further translation of LCE
technology into industrial reality.
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Microbial ecology has been widely considered to strongly constrain or accelerate
the efficacy of functional taxa and further determine the concentration of products
(36–38). We also noticed analogous phenomena in the field of chain elongation. For
example, a Megasphaera elsdenii-dominated reactor microbiome produced 2.08 g lit-
er21 n-caproate (39), while a Ruminococcaceae-occupied reactor microbiome produced
10.4 g liter21 n-caproate (32). Mesophilic Ruminococcaceae strain CPB6-containing eco-
systems with distinct microbial compositions produced different concentrations of n-
caproate (4.39 g liter21 [29] versus 12.9 g liter21 [13]) from the same amount of lactate
(;30 g liter21) under mild acid conditions (note that strain CPB6 is affiliated with
Caproiciproducens in the SILVA database). However, at present, knowledge of the reac-
tor microbiome of the LCE process is still in its infancy. Researchers could find the dom-
inant microbiome in a mixed-culture biosystem, but it is usually difficult to identify the
most important microbe for n-caproate production (8, 31, 40). Through omics technol-
ogy, studies have distinguished many functional microbiomes, which expands our
knowledge of chain elongation (12, 41). Nevertheless, these omics-based understand-
ings were restricted in the chain elongation biosystem, which mainly produces n-butyr-
ate rather than n-caproate as the dominant product. Moreover, the connections
between microbial ecology and n-caproate yield remain unknown. These knowledge
gaps in the LCE microbiome make it a long and arduous journey to improve the per-
formance of the LCE process for practical industrial applications.

The purpose of this study was to explore the microbial ecological mechanism for
the production of high concentrations of n-caproate via the LCE process. First, we ino-
culated the chain elongation mixed microbiome into semicontinuously operating reac-
tors fed DL-lactate containing artificial wastewater. We then operated the bioprocessor
for more than 2 years (780 days) to examine the performance of the microbial system
under nonsterile open conditions over time. We tracked the dynamic changes in taxo-
nomic composition and integrated metagenomic analyses to illustrate variations in the
ecological profile of the mixed microbiome and predict the metabolic network, yield-
ing important insights into the microbial mechanism (including microbial structure,
stability, and competitive and functional microbiomes) for the production of high con-
centrations of n-caproate from lactate. Finally, we propose a microbial model hypothe-
sis, laying a foundation to improve the design or control LCE processes.

RESULTS
Performance of a Ruminococcaceae-dominated reactor microbiome under

nonsterile open conditions. During the long-term operating period, we achieved
735 days of n-caproate production from lactate (Tables 2 and 3). The average n-cap-
roate concentration in the effluent was maintained at 20.26 5.62 g·liter21

(1,044.86 289.6mmol C·liter21), and the maximum concentration reached 33.7
g·liter21 (1,743.1mmol C·liter21) on day 690 (Tables 2 and 3 and Fig. 1). Moreover,
the highest n-caproate to total carboxylate ratio was 93.4mmol C %, with an average
value of 68.16 10.6mmol C %. The bioreactor produced 10.56 2.56 liters of total gas
(mean value) every day, and hydrogen and methane presented 12.9%6 3.79% and
12.3%6 5.81%, respectively (Tables 2 and 3).

A graphical summary of reactor performance can be seen in Fig. 1. In the 15-day

TABLE 2 Dominant carboxylates produced in lactate-fed reactor during 780 days of
operation

Parameter

Value for:

Acetate n-Butyrate

n-Caproate

Propionate n-ValerateAvg Maximum
Avg concn (g liter21) 2.146 1.53 2.886 1.55 20.26 5.62 33.7 1.266 1.35 4.776 2.03
Specificity (mM C, %) 4.486 2.56 8.666 4.63 68.16 10.6 93.4 3.206 3.19 15.66 6.30
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setup stage, we continuously fed lactate into the bioreactor without drainage for n-
caproate production and accumulation. The reactor was then started in continuous
operation mode with a hydraulic retention time (HRT) of 15 days. During the first phase
(16 to 180 days), the reactor maintained a steady state with an average concentration
of 23.96 2.74 g·liter21. In the next 220 days, the n-caproate concentration declined
gradually while short-chain carboxylates (SCCs) increased, especially n-valerate.
Therefore, we decreased the HRT to 8 days. During the following 200 days, the n-capro-
ate concentration declined gradually and fluctuated between 13.0 g·liter21 and 23.0
g·liter21, with a mean value of 16.16 2.53 g·liter21. Thereafter, from day 600 on, the
concentration of n-caproate started to increase gradually to 33.7 g·liter21 on day 690
and stabilized at a high level (mean value, 28.46 2.4 g·liter21) for 96 days.

In addition, the chain elongation reactor showed severe inhibition twice, from
day 386 to 407 and day 753 to 777. In the beginning of inhibition, no n-caproate
production was observed, and then the concentration dropped to a low level.
During the inhibition periods, the inactive reactor microbiome showed little lactate
utilization and carboxylate production or degradation. To recover the activity of
the reactor microbiome, we centrifuged the whole fermentation broth, discarded
the supernatant, and fed fresh artificial wastewater. Thereafter, the reactor micro-
biome soon recovered, and the n-caproate concentration exceeded 10 g liter21

within 3 to 10 days.
To our knowledge, this is the first report that long-term n-caproate production at

higher concentrations can be achieved, and the maximum n-caproate concentration
from lactate can exceed 30 g liter21. We previously obtained a high n-caproate concen-

TABLE 3 Dominant gases produced in lactate-fed reactor during 780 days of operation

Avg gas component (%) for:

H2 CO2 CH4 N2

12.96 3.79 63.46 4.68 12.36 5.81 10.96 2.26

FIG 1 Reactor performance over the operating period of 780 days. Effluent C2 to C6 carboxylate concentrations were used at 30°C,
pH 6.0.
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tration of 23.4 g liter21 in batch experiments (13), and Duber et al. (32) presumed that
the high concentration of n-caproate production was due to excessive lactate supple-
mentation. In contrast, Kucek et al. (31) suggested that excessive lactate will induce
additional electron flow toward pyruvate and odd-numbered chain elongation prod-
ucts (e.g., propionate), significantly lowering the n-caproate production rate. Here, we
present our view that it would be better to understand the functional bacterial and ec-
ological structure of the reactor microbiome before we discuss the effect of operating
conditions (i.e., lactate supplement) on n-caproate production. We noticed that the suf-
ficient lactate supplementation does not necessarily lead to the synthesis of high con-
centrations of n-caproate (more than 20 g·liter21), and we also found little connection
between propionate accumulation and excessive lactate addition in this paper. In the
following sections, we will uncover the mechanism for high concentrations of n-capro-
ate production.

Ecological network of reactor microbiome. We performed a long-term study to
gain overall insight into the microbial compositional structure. During the 735-
day n-caproate-producing period, 39 samples were sequenced, and the structural
biodiversity, including Chao1, Shannon index results, observed operational taxo-
nomic unit (OTU) numbers, coverage values, and sequence read numbers, are pre-
sented in Table S1 in the supplemental material. In total, 22 bacterial families with
an average relative abundance of greater than 0.1% in the samples were identi-
fied (Fig. S1). The 22 families made up 98.7%6 1.40% of the total microbial
community.

The phylum-level analysis revealed that Firmicutes predominated in the community
during the entire fermentation period (Fig. 2B). Euryarchaeota were detected as a minor
group, with an average relative abundance of 8.49%6 11.0%. Other minor phyla in the re-
actor microbiome were Actinobacteria (4.88%6 5.56%), Proteobacteria (2.01%6 8.18%),
and Bacteroidetes (0.370%6 0.815%).

As shown in Fig. 2A, there were three dominant families in the network,
Ruminococcaceae (Firmicutes), Lactobacillaceae (Firmicutes), and Methanobacteriaceae
(Euryarchaeota). Obviously, Ruminococcaceae were the most dominant, with an average
relative abundance of 53.8%6 17.9%. The Caproiciproducens genus (also named
Clostridium IV in the RDP database and Ruminococcus in the Greengenes database)
accounted for greater than 98% of Ruminococcaceae (Fig. 2C). By using the 16S rRNA
sequence information of strain CPB6, we found that the strain made up 35.3%6 23.4% to
45.4%6 17.3% of the total taxa (Table 4). Strain CPB6, affiliated with Caproiciproducens, is
a model species for n-caproate production from lactate in pure-culture studies (11, 25, 26).
Therefore, these results indicate that the dominant taxon, Ruminococcaceae, is the func-
tional group that is responsible for n-caproate production from lactate. The second most
abundant family was Lactobacillaceae, whose relative abundance fluctuated between
26.1% and 1.22%, with a mean value of 10.2%6 8.03% (Fig. S1). Lactobacillaceae were
mainly from real wastewater (Table S2). The Methanobacteriaceae, the sole methane-pro-
ducing archaea, with a relative abundance greater than 0.1%, made up the third most
abundant (8.70%6 11.0% mean value) family (Fig. S1) in the reactor microbiome.
Additionally, Methanobacterium, which is a genus known to produce methane from hydro-
gen and carbon dioxide, accounted for 99.9% of the family Methanobacteriaceae. The
growth source of this population was derived from fermentation of lactate (carbon dioxide
and hydrogen), which was detected in the gas produced from the chain elongation pro-
cess (Fig. S3).

The network demonstrates that the core microbe Ruminococcaceae is inde-
pendent of the microbial community. The population only presents negative cor-
relations (shown as dashed lines) with other nodes (six cooccurrences), including
Lactobacillaceae, Methanobacteriaceae, Family XIII, Enterococcaceae, Eubacteriaceae, and
Propionibacteriaceae. In addition, there is another negative interaction between
Clostridiaceae 1 and Burkholderiaceae. However, the network also shows intense
and complex relationships within the other microbial cooccurrences, forming a
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couple of subnetworks in the topological structure. Among them, eight families
showed greater than 1% relative abundance, including Clostridiaceae 1 (6.32% 6

6.57%), Lachnospiraceae (4.64%6 3.64%), Family XI (2.44%6 3.29%), Enterococcaceae
(2.04% 6 4.05%), Eubacteriaceae (1.85%6 8.83%), Propionibacteriaceae (1.84% 6

FIG 2 Ecological network of the reactor microbiome. (A) Microbial cooccurrence network in the reactor microbiome, constructed on the basis of the
relative abundance profiles of the reactor microbiome at the family level over the 780 consecutive days. Each node represents a family. The sizes of the
nodes are proportional to the average relative abundances of the families. Solid edges represent a positive relationship (1), and dashed edges represent a
negative relationship (2). Edges are also weighted by the strength of the correlation. (B) Variations in relative abundance at the phylum level. (C) Dynamics
of the relative abundance of the core taxon Ruminococcaceae (mean value, 53.9%) and its predominant genus, Caproiciproducens.
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2.78%), and Planococcaceae (1.41%6 8.04%). Another 11 organisms were identified
with a relative abundance between 0.1 and 1.0% at the family level (Fig. S1).

Linking n-caproate production concentration to dynamic changes in the microbial
community. Despite the steady long-term n-caproate production, the efficiency
showed significant swings at different HRTs over time, e.g., short-term setbacks or
enhancement. In this section, we examine the subtle details of these swings and their
associated microbiome ecology to explore the inner connection between network
structure and the concentration of n-caproate production. Therefore, this section con-
sists of three parts: the variations in performance of the bioprocess and their connec-
tions to dynamic changes in the microbial community (inferred from 16S rRNA gene
amplicon sequencing), including network structure and taxonomic composition.

(i) The variations in performance of the bioprocess. The HRT of first two phases
was 15 days. In phase one (16 to 180 days), the reactor microbiome steadily produced
n-caproate at an average concentration of 23.96 2.74 g·liter21. The average specificity
of n-caproate reached 83.26 9.55mmol C%, and the main by-product was n-butyrate
(Table S3). However, after 180 days of the trial, acetate, propionate, and n-valerate
simultaneously started to increase (P, 0.001), significantly decreasing the n-caproate
concentration (P, 0.001) (Fig. 3). Meanwhile, the methane in the biogas significantly
increased from 12.7%6 5.53% to 16.9%6 7.10% (P, 0.001), and the hydrogen con-
tent dropped from 12.6%6 3.09% to 9.67%6 3.64% (P, 0.001) (Table S4). By shorten-
ing the HRT to 8 days, the concentrations of acetate, propionate, and n-valerate
decreased notably (P, 0.001), while the n-butyrate concentration increased slightly
(P, 0.01) in the subsequent 200 days (phase 3). The specificity of n-caproate slightly
increased from 58.2%6 9.75% (at phase 2) to 63.7%6 10.0%, although the n-caproate
concentration decreased (Table S3). The content of methane in biogas significantly
dropped by 36.7%6 1.55% to 10.7%6 1.55% (P, 0.001), while hydrogen increased by
36.5%6 1.63% to 13.2%6 1.63% (P, 0.001) (Table S4). After 200 days of acclimation
at an HRT of 8 days, it was surprising to find that the n-caproate concentration rapidly
increased from 13.4 g·liter21 (day 604) to 28.9 g·liter21 (day 653), with a maximum rate
of 11.5 g·liter21·day21 (26.2 g chemical oxygen demand [COD]·liter21·day21). On sub-
sequent days, the concentration of n-caproate continued to increase to the highest
level of 33.7 g·liter21 and stabilized at an average concentration of 28.46 2.40 g·liter21

for 96 days (Fig. 1). At the same time, we observed a slow increase in even-numbered

TABLE 4 Variations in n-caproate production-associated speciesa during the long-term operation period

Species

Relative abundance (%) in phase:

1 2 3 4
Caproiciproducens_unclassified 10.36 3.78 5.506 5.58 10.36 6.30 15.66 6.58
Caproiciproducens_uncultured_bacterium 0.0006 0.000 0.0006 0.000 0.0006 0.000 0.0486 0.122
Caproiciproducens_uncultured_clostridia_bacterium 0.0016 0.001 0.0096 0.015 0.0266 0.076 0.4676 0.711
Caproiciproducens_uncultured_clostridium_sp. 0.4476 0.393 0.3326 0.405 0.7906 1.272 0.9456 0.867
Caproiciproducens_uncultured_organism 0.1546 0.143 0.0296 0.043 0.1756 0.268 0.8196 2.013
Caproiciproducens_uncultured_ruminococcaceae_bacterium 0.0006 0.000 0.0006 0.000 0.0006 0.000 0.0076 0.015
Caproiciproducens_uncultured_ruminococcus_sp. 2.556 1.25 0.7296 0.688 2.716 1.51 3.356 3.50
Ruminococcaceae_uncultured_clostridium_sp. 0.0006 0.000 0.0036 0.008 0.0016 0.002 0.1936 0.248
Ruminococcaceae_bacterium_CPB6 35.36 23.4 30.96 19.9 41.16 13.5 45.46 17.3
Ruminococcaceae_bacterium_CPC-11 0.0006 0.000 0.0006 0.000 0.0016 0.001 0.0436 0.070
Ruminococcaceae_bacterium_HAWD2 0.0006 0.000 0.0096 0.017 0.0056 0.013 0.0366 0.079
Ruminococcaceae_NK4A214_group_unclassified 0.0006 0.000 0.0006 0.000 0.0006 0.000 0.0156 0.022
Ruminococcaceae_UCG-005_unclassified 0.0006 0.000 0.0006 0.000 0.0006 0.000 0.0076 0.014
Ruminococcaceae_UCG-013_uncultured_clostridiaceae_bacterium 0.0006 0.000 0.0216 0.025 0.0186 0.028 0.0326 0.072
Ruminococcaceae_UCG-014_unclassified 0.0006 0.000 0.0006 0.000 0.0016 0.002 0.0156 0.025
Ruminococcaceae_unclassified 0.0246 0.038 0.0686 0.073 0.0826 0.097 0.5436 0.565
Ruminiclostridium_5_unclassified 0.0096 0.016 0.0006 0.000 0.0036 0.005 0.0176 0.020
Lachnospiraceae_uncultured_coprococcus_sp. 2.986 3.11 0.1336 0.132 0.2906 0.30 2.456 2.58
n-Caproate production-associated species, in total no. of OTUs 55.86 16.9 38.16 18.7 55.96 11.7 71.96 14.7
n-Caproate production-associated species except CPB6, in total no. of OTUs 20.416 8.18 7.196 6.39 14.96 7.68 24.86 8.17
aSpecies affiliated with genera in which relative abundance variations were positively correlated with n-caproate production (P, 0.05) (Fig. 5A and Tables S5 and S6).
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SCCs (acetate and n-butyrate, P, 0.02) and a further decline in odd-numbered SCCs (pro-
pionate, P, 0.028; n-valerate, P, 0.002). The hydrogen further increased by
38.6%6 1.1.16% to 18.3%6 1.1.16% (P, 0.001), whereas methane declined to the lowest
level of 7.00%6 1.21% (P, 0.001) (Table S4). During phase 4 (calculated from Table S3),
the calculated average n-caproate production rate was 3.54 g·liter21·day21 (8.07 g
COD·liter21·day21), which was 2.25 times higher than that in phase 1 (1.57 g·liter21·day21),
suggesting a higher n-caproate production efficiency at short HRTs than at long HRTs.

(ii) Connection between network structure and the variations in performance
of the bioprocess. The principal component analysis (PCA) (Fig. 4A) suggests a pro-
gressive separation of the microbial community under two different HRT conditions
over time. In the same HRT, microbial communities were more similar to each other.
Phase 2 demonstrates the period when the microbial ecosystem became degraded
(propionate and n-valerate significantly increased, accompanied by n-caproate
decline), whereas phase 4 represents an improvement period when the concentration
of n-caproate continuously increased and reached the highest level of 33.7 g liter21.
Additionally, the microbial community composition in phase 2 was significantly differ-
ent from that in phase 4.

To further explore dynamic changes in the microbial community in detail, we con-
structed a cooccurrence network of microorganisms in the four phases. We found that
although the dominant microbiome was always Caproiciproducens, the topological
structure of the cooccurrence network was significantly different under different HRT
conditions, and it also varied over time (Fig. 4B). In the nonsterile open environment,
the network was simple at the beginning, but after 180 days of operation, the observed
number of OTUs increased (Table S1), forming a subnetwork with fully connected to-
pology. Our analysis shows that the number of genus-genus interactions (i.e., interac-
tion strength) and the strength of the microbial cooccurrence were both significantly

FIG 3 Comparison of carboxylate (acetate, propionate, n-butyrate, n-valerate, and n-caproate) production from lactate in four phases. Asterisks indicate
P values of ,0.05 (*), 0.01 (**), and 0.001 (***). Phase 1, 16 to 180 days (HRT, 15 days); phase 2, 181 to 385 days (HRT, 15 days); phase 3, 408 to 635 days
(HRT, 8 days); phase 4, 636 to 752 days (HRT, 8 days).
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increased (Fig. 4C and D). The change in taxonomic community negatively affected the
production of n-caproate from lactate.

When we shortened the HRT, the structure of the cooccurrence network became
loose again (Fig. 4B), and the average interactions per genus declined from 17 to 5
(Fig. 4C), implying that some species that potentially interact with each other were seri-
ously affected or even diluted from the reactor. Interestingly, approximately 200 days
later, the topology of the cooccurrence network changed again (Fig. 4B), and the
strength of the microbial cooccurrence became greater in phase 4 than in phase 3 (Fig.

FIG 4 Dynamic changes in the microbial community in the four stages. (A) Principal-component analysis (PCA) of 39 samples in four phases. (B) Microbial
cooccurrence in the n-caproate-producing mixed microbiome in four phases at the genus level. Each node represents a genus whose size is proportional
to the average relative abundance. Edges are also weighted by the strength of the correlation. Each edge represents a positive correlation between the
two genera with a Pearson’s correlation coefficient above 0.40. (C) Cooccurrence node interaction strength plot showing the number of interacting genera
per node in each sample (including false-negative and -positive degrees). (D) The strength distribution of the microbial cooccurrence at four phases.
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4D). However, the interaction strength in phase 4 was still significantly lower than
those in phases 1 and 2 (Fig. 4C). Combined with the reactor performance, we found
that this change significantly enhanced the n-caproate production efficiency (concen-
tration, production rate, and specificity) from lactate.

In summary, under nonsterile open conditions, the reactor microbiome was always
occupied by the n-caproate-producing bacterium Caproiciproducens, suggesting that
the controlled environment (mild acid, lactate rich) was selected for the specific meta-
bolic pathway of lactate-driven chain elongation. However, the microbial community
changed dynamically with changes in operating conditions (HRTs) and time, gradually
corrupting or improving the performance of the lactate-driven chain elongation bio-
process. This result raises a question regarding the roles of different genera in biopro-
cess efficiency.

(iii) Connection between taxonomic composition and the variations in performance
of the bioprocess.We performed correlation analysis between the variation in n-capro-
ate concentration and the dynamic change in Caproiciproducens abundance, and we
observed no significant correlation (Spearman's r = 0.02). Hence, we infer that the
decrease or increase in n-caproate concentration was mainly caused by taxonomic vari-
ability and biotic interactions in the reactor microbiome.

To investigate how variation in taxonomic composition was related to n-caproate
production, we split the community variation into 41 distinct genus (with average rela-
tive abundance of more than 0.1%) variations (Fig. 5A). We noticed an approximately
10-fold decrease in the relative abundance of three genera from phase 1 to phase 2
but a recovery at phases 3 and 4 (P, 0.05) (Tables S5 and S6). These genera are

FIG 5 Variations in taxonomic community and taxon function prediction. (A) Heatmap showing variations of relative abundances in microbial communities
at the genus level (41 bacterial genera that had an average relative abundance of greater than 0.1%; Fig. S2). To highlight taxa with low relative
abundances, values of relative abundances were converted to logarithm and clustered as n-caproate production-positive and -negative associated
organisms, respectively (Table S5 and Table S6; P, 0.05 [*] and P, 0.01 [**]). (B) Spearman’s rank correlation between carboxylate production and related
genera. Blue and red colors indicate positive and negative correlations, respectively. Color saturation is proportional to the absolute correlation.
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Lachnospiraceae uncultured, Clostridiaceae 1 uncultured, and Caldicoprobacter.
Furthermore, we observed another three genera, Ruminiclostridium 5, uncultured
Ruminococcaceae, and Ruminococcaceae other, that increased significantly at phase 4
(P, 0.05) (Tables S5 and S6).

At the same time, several genera showed opposing trends in changes in relative
abundances. Cutibacterium (formerly Propionibacterium), which is known as a propio-
nate-producing genus (42), was the most typical genus among them. Its relative
abundance increased by more than 17 times (0.351% 6 0.418% versus 6.08% 6

6.08%, P, 0.02) from phase 1 to phase 2, but it finally declined back to 0.480% 6

1.36% (phase 4) as the HRT shortened over time. Another four taxa observed were
Lactobacillus, Enterococcus, Family XI Sedimentibacter, and Corynebacterium 1.

According to correlation analysis, Lachnospiraceae uncultured, Clostridiaceae 1 uncul-
tured, Ruminiclostridium 5, Ruminococcaceae uncultured, and Ruminococcaceae other are
positively associated with n-caproate production. The other five taxa, i.e., Cutibacterium,
Lactobacillus, Enterococcus, Family XI Sedimentibacter, and Corynebacterium 1, showed a
negative correlation with n-caproate production but a positive correlation with acetate,
propionate, and n-valerate production (Fig. 5B).

Prediction of the metabolic network profile by metagenome analysis. In the
nonsterile open environment with lactate as the sole carbon source, the metabolites
were mainly SCCs (acetate, propionate, n-butyrate, and n-valerate) and MCC n-caproate
(Fig. 1). This section provides insights into the predictive microbial metabolic network
of the reactor microbiome on the basis of an analysis of the metagenome. Detailed in-
formation about the metagenome results, including sequencing quality, metagenome
assembly information, and categories of functional genes at different levels, is pre-
sented in the supplemental material (Tables S7 to S11 and Fig. S4 and S5). Based on
the sequencing data, we successfully reconstructed 43 metagenome-assembled
genomes (.70% complete, ,5% contamination; Table S12), which almost coincided
with the families (except Burkholderiaceae) in the network based on 16S rRNA (Fig. 2).
In addition, we found two other genomes outside the network, affiliating with
Rubeoparvulaceae and Massilibacteriaceae. No bacteria carry both coding genes for
ethanol oxidization, i.e., adh (K19955) and ada (K00132), indicating that ethanol is not
the source for n-caproate production in our biosystem. All of the functional genes of
the metagenome were annotated against the KO database to carry out enzyme assays
to further investigate lactate metabolic pathways, including lactate oxidation, chain
elongation, propionate production, and methane production (Table S13).

In this analysis, two cyclic pathways for chain elongation were identified: fatty acid
biosynthesis (FAB) and reverse b oxidation (RBO). Additionally, instead of the acrylate
pathway, we only found key genes associated with the Wood-Werkman cycle for the
conversion of lactic acid to propionate via a succinate intermediate. We summarized
the major microbiomes and their hosted key genes encoding related enzymes in Fig.
6A. In the sequencing gene bank, we found that the main family Ruminococcaceae has
all the necessary genes in the FAB pathway as well as the RBO pathway, indicating that
Ruminococcaceae contributes to n-caproate production at the gene level. In addition,
we found that Lachnospiraceae also have all the necessary chain elongation genes, but
we did not find all of the necessary genes in the reconstructed microbe. Scarborough
et al. reported that a species, Shuttleworthia satelles, from the family Lachnospiraceae
contains genes needed for the RBO pathway, and we found the species in our metage-
nome analysis, representing 0.002% of total microorganisms. Whether the family can
produce n-caproate still requires further clarification, but these results implied that
Lachnospiraceae is an n-caproate production-associated family.

The lactate fermentation-associated bacteria Enterococcaceae and Lactobacillaceae
have the key genes encoding enzymes that catalyze the oxidation of lactate to acetyl-
CoA. Eight families, Bacillaceae, Actinomycetaceae, Eubacteriaceae, Enterococcaceae,
Rubeoparvulaceae, Lactobacillaceae, Runimococcaceae, and Lachnospiraceae, have the
pta and ackA genes, encoding phosphate acetyltransferase and acetate kinase for
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FIG 6 Metabolic pathway profile with lactate as the sole electron donor and taxon function summarization and prediction based on 16S rRNA and
metagenome sequences.
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acetate formation from acetyl-CoA (42). Three families, Bacillaceae, Planococcaceae,
and Propionibacteriaceae, possess all of the genes of the Wood-Werkman cycle needed
for propionate production. We did not find the necessary genes in the acetotrophic
methane production pathway, but all of the genes in the hydrogenotrophic methane
production pathway were found in Methanobacteriaceae.

Based on the gene information and the metabolic products from lactate, we pre-
dicted a metabolic network, which is illustrated in Fig. 6B. Eight bacteria were associ-
ated with lactate oxidation or acetate production. Three bacteria (Bacillaceae,
Planococcaceae, and Propionibacteriaceae) may contribute to propionate produc-
tion. The identified n-caproate producer belongs to the Ruminococcaceae family,
while Lachnospiraceae may be positively associated with n-caproate production. In
the LCE biosystem, no acetotrophic methanogen was present, but a hydrogenotro-
phic methanogen was present. In addition, we found no gene information about
the function of six families, Bogoriellaceae, Thermoactinomycetaceae, Clostridiaceae
1, Burkholderiaceae, and Clostridiales Family XI and Family XIII, according to metage-
nome data.

DISCUSSION
Functional group and competitive group. According to our present results, we di-

vided the microbial ecology into two groups: a functional group that may directly or
indirectly contribute to n-caproate production and a competitive group that may
reduce n-caproate production efficiency.

The functional group is mainly Ruminococcaceae, which may include Caproiciproducens,
Ruminiclostridium 5, Ruminococcaceae uncultured, and other Ruminococcaceae. There are
17 species based on 16S rRNA sequencing belonging to these four genera (Table 4). The
variation trend in the relative abundance of all these species was consistent with that of
the n-caproate concentration. Among them, one species, Ruminococcaceae bacterium
CPC-11, was reported to produce n-caproate from lactate in a pure-culture system (43).
Based on the metagenome and Spearman's rank correlation analysis, we classified
Lachnospiraceae as a functional group. There was only one species, Lachnospiraceae uncul-
tured Coprococcus sp., in this family. Scarborough et al. predicted that Lachnospiraceae-
affiliated organisms play an important role in MCCs production, so our results were partly
consistent with the conclusion of Scarborough et al. (41).

Although the relative abundance of Ruminococcaceae has no direct relationship
with bioreactor efficiency (Spearman's correlation coefficient [r ], 0.02), our results
showed a connection: the relative abundance is positively related to performance.
This may not be caused by functional bacteria; underneath the surface may be the
expansion or shrinkage of competitive bacteria. Combined with the metagenome
analysis results, Bacillaceae, Planococcaceae, and Propionibacteriaceae were classified
as potential competitive groups. Among these families, Cutibacterium, affiliated with
Propionibacteriaceae, was confirmed to be a strong competitor. The research of
Candry et al. (34) also demonstrated that propionate producer is the dominant com-
petitor for the chain elongator, Caproiciproducens. Candry et al. (34) suggested that
the main propionate producers are Veillonella and Aminobacterium, and pH value
(lower than 6.0) is the key regulating factor to inhibit the two bacteria. Therefore, the
strategy to inhibit propionate production depends on the genus of propionate pro-
ducers. For Cutibacterium in Propionibacteriaceae, we should give priority to optimiz-
ing HRT, and for Veillonella, we should further consider the pH value. Acetotrophic
methanogens have been regarded as a typical competitor for acetate used in chain
elongation. Here, we found no acetotrophic methanogens but hydrogentrophic
methanogens, Methanobacteriaceae, which consume hydrogen for methane produc-
tion. Our results indicated that the methane ratio in biogas was negatively related to
production efficiency of n-caproate. The variation in hydrogen was consistent with
the trend of n-caproate production (Fig. S3, Table S4). Given that hydrogen is very im-
portant in maintaining the thermodynamic conditions preventing anaerobic
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oxidation (1, 44), we infer that the existence of Methanobacteriaceae brings the risk
of lowering n-caproate production efficacy.

Some taxa in the bioreactor may utilize lactate to produce acetyl-CoA, such as
Ruminococcaceae, Lachnospiraceae, Eubacteriaceae, Lactobacillaceae, and Enterococcaceae.
Acetyl-CoA can be further catalyzed into acetate by Ruminococcaceae, Lachnospiraceae,
Actinomycetaceae, Rubeoparvulaceae, Lactobacillaceae, Enterococcaceae, Eubacteriaceae,
and Bacillaceae (Fig. 6B). On the one hand, acetyl-CoA and acetate are both necessary
metabolites for chain elongation (Fig. 6B); on the other hand, excessive acetate accumula-
tion may consume too much lactate, leading to a low lactate/acetate ratio, which may be
thermodynamically unfavorable for n-caproate production (1). Combined with Spearman's
correlation analysis, Enterococcaceae, Lactobacillaceae, and Rubeoparvulaceae are primarily
suggested to be conditioned competitive groups until we find additional evidence. In
research by Scarborough et al. (41), the Eubacteriaceae-affiliated species Pseudoramibacter
alactolyticus was recognized as a functional n-caproate-producing bacterium. Here, only
one species was found in the family, Eubacteriaceae uncultured bacterium, which is differ-
ent from Pseudoramibacter alactolyticus. Therefore, the function of Eubacteriaceae in the
LCE biosystem may depend on the particular species. At present, there are still many taxa
in the LCE biosystem whose function could not be determined.

Hypothetical microbial ecological model for the LCE reactor microbiome that
produces a high concentration of n-caproate and implications. Based on our
research, we propose a hypothetical model to reveal the mechanism by which an LCE
reactor microbiome produces a high concentration of n-caproate. The model is com-
prised of four parts. (i) The core microbiome involves efficient, n-caproic acid toxicity-
tolerant functional groups. Here, the core microbiome for the LCE biosystem is
Ruminococcaceae, which fundamentally underlies the observed network structure.
Without this microbiome, the biosystem would perform much differently. (ii) The
core bacteria can maintain stability for long-term operation regardless of the variations
in the microbial network structure, which might be caused by changes in operation con-
ditions or disrupted feedback. (iii) Microbial network analysis revealed that the microbial
community yielding higher n-caproate concentrations showed relatively lower microbe-
microbe interaction strength. The core bacteria have all of the genes needed for lactate
oxidization and chain elongation, and they can also utilize glucose or sucrose for cell
growth (26). The functional microbes were relatively independent of the community and
showed a negative relationship with other bacteria. A relatively short HRT could reduce
the interaction strength. (iv) Low relative abundances and taxonomic diversity of com-
petitors in the community were also observed.

To date, many bacteria for n-caproate production from lactate have been identified,
such as Megasphaera hexanoica, Megasphaera indica, Pseudoramibacter alactolyticus, clos-
tridial species strains BL-3, BL-4, and BL-6, and so on (41, 45–47), but none of these species
produced n-caproate at the same high concentration as Ruminococcaceae strain CPB6.
Therefore, we suggest that the functional species are very important for the LCE process.
Fortunately, strain CPB6, or Ruminococcaceae-affiliated Caproiciproducens, has been found
in many LCE bioreactors (13, 27, 29, 34, 48). The colonization and accumulation of func-
tional bacteria is usually related to the environment, e.g., the operation conditions of the
process and feedback, which can select for specific microbiomes. For example, long-term
operation at a long HRT led to the growth of a competitor, Propionibacteriaceae, which sig-
nificantly reduced the concentration of n-caproate in the effluent. In some works (31, 33),
researchers prefer quite short HRTs (e.g., 4 h) to increase the production rate, but we are
worried that the functional anaerobic n-caproate producer may be washed out from the
biosystem for their relatively longer growth cycle. pH is also critical for n-caproate pro-
ducers, and Candry et al. (34) found that a lower pH (5.5) was a favorable condition for
Caproiciproducens.

Previous studies usually found two dominant by-products, i.e., n-butyrate (12, 28,
41, 49) and propionate (31) accumulation, decreasing n-caproate production efficacy.
Here, we discussed propionate accumulation, which was mainly caused by competi-
tors, e.g., Propionibacteriaceae. Kucek et al. (31) indicated that excessive lactate is the
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main reason for propionate accumulation, but we found no significant correlation in
our system in which lactate was always oversupplied. The difference may be caused by
different microbial communities, especially the dominant bacteria.

In our research, a significant increase in the n-caproate concentration was always
accompanied by a slight increase in n-butyrate accumulation, which was soon mini-
mized with steady n-caproate production (Fig. 1). The enzyme analysis in pure culture
of strain CPB6 indicated that the production rate of n-caproate was 2.34 times higher
than that of n-butyrate (25). In our system, one key functional bacterium is strain CPB6,
which provides a reason for the low level of n-butyrate accumulation. In addition,
because n-butyrate is intermediate in chain elongation, maintaining n-butyrate at
some critical level could permit favorability for additional n-caproate production (26).
In some studies, n-butyrate was observed as the dominant product of chain elongation
(12, 41). We suggest that the phenomenon is related to the structure of reactor micro-
biome and the types of functional n-caproate bacteria. Therefore, we speculate that
the selection (or domestication) of the chain elongation reactor microbiome will take a
long time (usually years) before a balance has been reached. During long-term selec-
tion in the proper environment (e.g., mild acid conditions (pH 5.5 to 6.0), moderate
temperature (30 to 40°C), and continuous lactate supplementation), severe n-butyrate
accumulation could be eliminated by gradual utilization for chain elongation. At pres-
ent, we have no better understanding of any other operation conditions that can mini-
mize n-butyrate accumulation.

Challenge and opportunity. (i) Challenge: acid inhibition and recovery. Under
mild acid conditions, a high concentration of n-caproate can easily induce acid inhibi-
tion according to reported works (1, 50). In the ethanol-driven chain elongation (ECE)
process, the reported toxic limit of undissociated n-caproate was 6.8 to 7.5mM (18,
51), and in the LCE process, the inhibitory concentration was 17.2mM based on the
work of Duber et al. (32). In this paper, at a pH of 6.0, the calculated undissociated n-
caproate was 10.36 3.20mM (average value), and it could reach 15.46 2.40mM when
a high concentration of n-caproate was produced (phase 4). During two periods of
severe inhibition (days 377 to 407 and days 753 to 777), the calculated undissociated
n-caproate was 10.7 and 12.4mM, respectively, much lower than the reported toxic
limit of 17.2mM as well as the highest concentration of 15.46 2.40mM in phase 4.
However, we noticed excessive lactate accumulation (17.7 and 22.4 g liter21, respec-
tively) just before both inhibition cases. Generally, lactate is relatively nontoxic; there-
fore, lactate accumulation may be a signal that inhibition is about to occur. At present,
we do not understand the specific reason for the inhibition, but we suggest that pH
control (involved in acid, e.g., HCl, addition) would induce a drastic increase in the con-
centrations of undissociated n-caproic acid and other short-chain fatty acids in a short
time, resulting in synergistic toxic effects on the reactor microbiome. However, lactate-
driven chain elongation requires pH control to maintain mild acid conditions; there-
fore, approaches to resolve this dilemma need additional research.

To recover from inhibition, we have no better strategy than the following: discharge
the fermentation liquid and replenish fresh feedback to reduce n-caproate and/or lac-
tate concentration, sharing the same basis as in-line extraction to circumnavigate the
toxicity. Therefore, the LCE process is facing other dilemmas: (i) it is uneconomical to
extract n-caproate at low concentrations, and (ii) high concentrations may cause seri-
ous inhibition at one point, leading to stagnation and restarting.

(ii) Opportunity. Our research illustrates that functional strains are the keystone for
the LCE process, implying that it is possible to overcome n-caproate inhibition and
improve synthetic efficiency when additional efforts could be made in strain domesti-
cation, gene modification, and novel bacterial discovery. Currently, many new biotech-
nologies, e.g., omics technology and gene editing technology, have great potential to
improve n-caproic acid tolerance, enhancing the efficacy of functional bacteria.
Additionally, we believe that various chain elongation bacteria may inhabit lactate-rich
environments, such as a factory containing lactate fermentation (51), and carbohy-
drate-rich wet waste treatment plants (29, 32), which may provide us with a natural
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strain bank. Emerging artificial intelligence, single-cell sorting, and new-generation mi-
crobial culture technologies will bring us additional opportunities for the discovery,
isolation, and cultivation of novel species.

Furthermore, reported works usually utilized similar bioreactors for anaerobic diges-
tion (such as CSTR, UASB, and EGSB) (33, 35, 52). Indeed, the fermentation characteris-
tics of LCE are significantly different from those of anaerobic digestion, for instance,
continuous pH control, product inhibition, and intense competition (SCC producers)
for environmental niches. Thus, we need a more targeted design for the LCE process,
including reactor design, microbial fixation material, operation principle, and so on.

We anticipate that the understanding of microbial ecology for high concentrations
of n-caproate production will provide guidance or inspiration for researchers to pro-
mote the development of the LCE process, which will become one of the important
drivers for the sustainable development of human society.

MATERIALS ANDMETHODS
Long-term n-caproate production from lactate. The artificial wastewater contained (per liter) 5ml

of solution A (containing 10 g liter21 MgSO4·7H2O, 4.5 g liter21 CaCl2·H2O, 93.6 g liter21 NH4Cl), 2ml of
solution B (containing 29 g liter21 KH2PO4 and 33 g liter21 K2HPO4), a certain amount of the carbon
source (DL-lactate), 5%, vol/vol, real wastewater (containing DL-lactate, 70 to 100 g liter21; acetate,
1.56 0.08 g liter21; n-butyrate, 1.06 0.02 g liter21; ethanol, 20 to 40 g liter21; pH 3.806 0.20), 1ml of
vitamin solution [containing biotin, 2.0mg liter21; folic acid, 2.0mg liter21; pyridoxine hydrochloride,
10.0mg liter21; thiamine HCl, 5.0mg liter21; riboflavin, 5.0mg liter21; nicotinic acid, 5.0mg liter21; cal-
cium D-(1)-pantothenate, 5.0mg liter21; vitamin B12, 0.1mg liter21; p-aminobenzoic acid, 5.0mg liter21;
thioctic acid, 5.0mg liter21] and 1ml of trace element solution [containing nitrilotriacetic acid, 2.0 g lit-
er21; MnSO4·H2O, 1.0 g liter21; Fe(SO4)2(NH4)2·6H2O, 0.8 g liter21; CoCl2.6H2O, 0.2 g liter21; ZnSO4·7H2O,
0.2mg liter21; CuCl2·2H2O, 20.0mg liter21; NiCl2·6H2O, 20.0mg liter21; Na2MoO4·2H2O, 20.0mg liter21;
Na2SeO4, 20.0mg liter21; Na2WO4, 20.0mg liter21].

In the setup stage, 100ml of preculture of the mixed microbiome (13) was inoculated into the bio-
reactor. After 15 days of culture, the reactor was operated for a period of 24 h with a sequence of four
steps: step 1, external circulation (30min); step 2, drainage (5min); step 3, feeding (25min); and step 4,
treatment (23 h). The initial lactate concentration of every cycle was controlled at approximately 10
g·liter21. The pH was typically adjusted to 6.0 by 5 M NaOH and 5 M HCl at the beginning of each cycle.
During the entire reaction period of each cycle, the pH was monitored by a pH transmitter (H100;
Hamilton, Switzerland) equipped with a pH electrode (120mm; Hamilton, Switzerland). The experiment
was performed in reactors with a working volume of 3 liters, and the HRT was controlled at 15 days for
400 days. After 400 days, the HRT was decreased to 8 days. Reactors were placed in a thermostatic
room at a temperature of 306 1°C. The experiment was performed in duplicate. The long-term opera-
tion was divided into three stages: stage 1, setup (0 to 15 days); stage 2, continuous n-caproate pro-
duction; and stage 3, inhibition period. Stage 2 was separated into four phases: (i) phase 1 (16 to
180 days), stable n-caproate production at an HRT of 15 days; (ii) phase 2 (181 to 385 days), decreased
efficiency of n-caproate production at an HRT of 15 days; (iii) phase 3 (408 to 635 days), the domestica-
tion period for n-caproate production at an HRT of 8 days; and (iv) phase 4 (636 to 752 days), high n-
caproate production efficiency at an HRT of 8 days. Stage 3 contained two inhibition periods (days 386
to 407 and days 753 to 777).

Analysis of the microbial community. Samples (50ml) were withdrawn from the reactors at differ-
ent phases. All of these samples were centrifuged at 12,857� g for 10min, and then pellets were used
for genomic DNA extractions. The Power Soil DNA isolation kit (MoBio Laboratories, USA) was used. DNA
density and quality were checked using a NanoDrop spectrophotometer. Extracted DNA was diluted to
a concentration of 10 ng ml21 and stored at –40°C for downstream use. The universal primers 515F (59-
GTGCCAGCMGCCGCGGTAA-39) and 806R (59-GGACTACHVGGGTWTCTAAT-39) with 10-nucleotide (nt)
barcodes were used to amplify the V4 hypervariable region of 16S rRNA genes for next-generation
sequencing using a MiSeq sequencer (53, 54). The sequence data were processed using QIIME Pipeline,
version 1.8.0. All sequence reads were trimmed and assigned to each sample based on their barcodes.
Multiple steps were required to trim the sequences, such as the removal of sequences of,150 bp and
those with an average base quality score (Q) of,30. We aligned cleaned sequence reads against the
SILVA rRNA database (version 132). The relative abundances of genera in each sample were calculated
on the basis of the 16S rRNA sequences with unique assignment of the classified genera. Alpha diversity
(Shannon index) and beta diversity (weighted UniFrac) were calculated using QIME. Principal component
analysis (PCA) was calculated using R based on the OTU table. Nonparametric multivariate analysis of
Tukey’s test was employed to analyze community structure (analysis of similarity [ANOSIM]) in SPSS and R.

Correlation and cooccurrence analysis. Hierarchical clustering was performed on the relative
abundance profiles of the families and genera found in samples with Cluster 3.0. The distance measure-
ment was based on the Spearman rank correlation between samples. The heatmap was generated using
R package. To construct the cooccurrence network, we first filtered the low-abundance taxa that had av-
erage coverage by the Illumina reads of #0.1%, and then we calculated the pairwise interspecies
Pearson correlations between sequencing depths (abundance) throughout the 39 samples (or samples
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in each phase). From the resulting numerous interspecies correlations, correlations above 0.4 were
visualized using Cytoscape, displaying the average relative abundance of each taxon as the node size in
the graph. Finally, to exclude coabsence, cooccurrences were not counted for taxa for which the sum of
relative abundance in the four phases was less than 1%.

Metagenomic DNA extraction and sequencing. Two samples (50ml) were withdrawn from the
reactors at the end of the experiment. Two samples were centrifuged at 12,857� g for 10min, and then
pellets were used for DNA extraction. Total DNA was extracted from samples using a phenol-chloroform
extraction method (55). The DNA concentration was measured using a Qubit dsDNA assay kit in a Qubit
2.0 fluorometer (Life Technologies, CA, USA).

The optical density at 600 nm (OD600) was between 1.8 and ;2.0, and DNA samples with contents
above 1.0mg were used to construct a library. A total of 1.0mg of DNA per sample was used as the input
material for the DNA sample preparations. Sequencing libraries were generated using the NEBNext Ultra
DNA library preparation kit for Illumina (NEB, USA) by following the manufacturer’s recommendations,
and index codes were added to attribute sequences to each sample. Briefly, the DNA sample was frag-
mented by sonication to a size of 350 bp, and then DNA fragments were end-polished, A-tailed, and
ligated with the full-length adaptor for Illumina sequencing with further PCR amplification. Finally, PCR
products were purified (AMPure XP system), and libraries were analyzed for size distribution by an
Agilent 2100 Bioanalyzer and quantified using real-time PCR. Clustering of the index-coded samples was
performed on a cBot Cluster Generation System according to the manufacturer’s instructions. After clus-
ter generation, paired-end sequencing (2� 150 bp) was performed on an Illumina NovaSeq 6000 plat-
form (Illumina, San Diego, CA), and paired-end reads were generated.

Metagenomic analysis. The preprocessing of the raw data obtained from the Illumina HiSeq
sequencing platform using Readfq (V8; https://github.com/cjfields/readfq) was conducted to acquire
clean data for subsequent analysis. All the reads of all samples were combined, and MEGAHIT software
(v1.0.4-beta) was used for mixed assembly. The mixed assembled scaffolds were broken from N connec-
tions, and scaftigs were obtained. Filtered fragments shorter than 500 bp in all scaftigs were used for sta-
tistical analysis generated from mixed assembly. The scaftigs ($500bp) assembled from mixed assembly
were predicted to the open reading frame level by MetaGeneMark (V2.10, http://topaz.gatech.edu/
GeneMark/) software. DIAMOND (56) software (V0.9.9, https://github.com/bbuchfink/diamond/) was
used for BLAST analysis of the unigenes to the sequences of bacteria and archaea, which were all
extracted from the NR database (version 2018-01-02; https://www.ncbi.nlm.nih.gov/) of NCBI. For the
final aligned results of each sequence, the result with an e value equal to or smaller than the smallest e
value times 10 (57) was chosen for the LCA algorithm, which was applied to the system classification of
MEGAN (58) software to verify the species annotation information of sequences. DIAMOND software
(V0.9.9) was used to perform BLAST analysis of unigenes in the functional database (59, 60). The func-
tional databases used included the KEGG database (version 2018-01-01; http://www.kegg.jp/kegg/) (61),
eggNOG database (version 4.5; http://eggnogdb.embl.de/#/app/home) (62), and CAZy database (version
201801; http://www.cazy.org/) (63).

Metagenomic assembly and binning. The clean reads and contigs were used for binning and refin-
ing genomes using MetaBAT2 (64). The genome bins were then checked for completeness and contami-
nation using CheckM (65), and a total of 43 bins were selected after screening bins whose completeness
was more than 70% and contamination was less than 5%. Genome taxonomy annotation was performed
by GTDBtk (version 1.3.0) based on the GTDB database (66). Genome functional annotation was per-
formed by Prokka (version 1.14.6) based on the UniProtKB database (67).

Calculations. The average productivity of each product (n-butyrate, n-valerate, and n-caproate) was
defined by its average concentration divided by the hydraulic retention time. The average specificity of
each product was based on the product-to-carboxylate production ratio (in % mol C). The concentration
of undissociated acid was calculated from the Henderson-Hasselbach equation: undissociated acid
(mmol liter21) = total acid (mmol liter21)/(11 10pH 2 pKa). The pKa of acetate, propionate, n-butyrate, n-
valerate, and n-caproate were 4.74, 4.86, 4.87, 4.82, 4.86, and 4.83, respectively.

Chemical analysis. Liquid samples were collected daily, centrifuged for 5min at 12,857� g, diluted
20 times with distilled water, and subsequently sterilized using a 0.22-mm filter. Carboxylate (C1 to C6)
and lactate concentrations were determined using an Agilent 1260 Infinity liquid chromatography sys-
tem (Agilent, Santa Clara, CA, USA), which was equipped with a Hi-Plex H high-performance liquid chro-
matography column (300 by 6.5mm) and a differential refraction detector (RID). The column tempera-
ture was controlled at 55°C. H2SO4 (0.005 M) at a flow rate of 0.6ml/min was used as the mobile phase.
The gas produced was collected every 3 days and analyzed with an Agilent 7890B gas chromatography
system (Agilent, Santa Clara, CA, USA), which was equipped with a thermal conductivity detector and a
1.83-m stainless steel column packed with Porapak Q (80/100 mesh). The operating temperatures at the
injection port, column oven, and detector were 150, 80, and 200°C, respectively. Argon, at a flow rate of
25ml/min, was used as the carrier gas.

Data availability. The raw sequence data (raw metagenomic sample data and raw 16S amplicon sam-
ple data) reported in this paper have been deposited in the Genome Sequence Archive in the National
Genomics Data Center, Beijing Institute of Genomics (China National Center for Bioinformation), Chinese
Academy of Sciences, under accession number CRA003483, which is publicly accessible at https://bigd.big.ac
.cn/gsa.
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